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This thesis studies a new more affordable way to build sidewalks in the U.S.
Typical sidewalks are often impractical on many roads because of a steep runoff slope
and/or close proximity to the drainage ditch. Also, if future road widening is required,
the sidewalk must be removed. This thesis proposes a structure called a Lanwalk which
is an elevated sidewalk made of precast units. A Lanwalk could simultaneously serve as
a sidewalk and potentially as a guardrail. It can be placed over drainage areas if
necessary without obstructing the flow of water. Lanwalks can be easily installed and
relocated if necessary. This thesis examines the possibility of using high amounts of
waste ash as an admixture during the construction of Lanwalks or sidewalks to lower cost
and save landfill space. The two waste products examined are municipal solid waste
incinerator bottom ash (IBA) and coal fly ash (CFA).
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CHAPTER I
INTRODUCTION

This thesis assesses the feasibility of using selected combustion residues for the
formulation of low-strength cement composites, and then examines their potential
application in the construction of a novel walkway system in the U.S. This thesis
proposes that composites made from cement and high quantities of waste products could
be used to make sidewalks and other walkway systems since the strength requirements
would be low for these applications. The two waste products examined in this thesis are
municipal solid waste incinerator bottom ash (IBA) and coal fly ash (CFA). Using high
amounts of waste products such as these could save landfill space and reduce material
cost.
In this thesis, Type I Portland cement was mixed with both IBA and CFA at
various ratios of cement to ash. Strength and durability tests were conducted on the
various composites after curing for 28 days. The U.S. EPA’s toxicity characteristic
leaching procedure (TCLP) was conducted on the materials to ensure the composites
made from the ash failed to meet the criteria of being a hazardous waste.
The objectives of this study are to:
•

Evaluate the physical performance in terms of strength, durability, and stability,
of composites generated using various formulations of cement and combustion
residues.
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•

Examine the resistance of the composites to chemical attack under mild acidic
conditions, to ensure that potentially toxic components of the residues remain
immobilized in the composite and do not represent a potential environmental
hazard.

•

Determine the maximum ratios of cement to ash that would result in an
economically viable composite formulation.

•

Identify and examine potential challenges in the construction and installation of
pedestrian walkway systems
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CHAPTER II
UTILIZATION OF COAL COMBUSTION PRODUCTS AND MUNICIPAL SOLID
WASTE INCINERATOR ASH IN CONCRETE COMPOSITES

Introduction
In the U.S. and around the world, alternatives are currently being sought to divert
more of our waste stream into useful products. Two of the largest waste streams in the
U.S. are municipal solid waste (MSW) and coal combustion products (CCPs). Municipal
solid waste (MSW) is a term used to describe residential household waste, more
commonly known as trash or garbage, and often includes commercial wastes collected by
a municipality within a given area; it consists of everyday items such as product
packaging, grass clippings, furniture, clothing, bottles, food scraps, newspapers,
appliances, paint, and batteries (EPA, 2006). Of the approximately 245 million tons of
MSW generated per year, 54% (132.3 million tons) is landfilled, 32% (78.4 million tons)
is recycled, and 14% (34.3 million tons) is incinerated (EPA, 2006).
One way to reduce the amount of MSW landfilled is through incineration. MSW
incineration can reduce the volume of MSW by 90% and reduce its weight by 75% (EPA,
2006). Municipal solid waste incinerator ash (MIA), the residue obtained after MSW
incineration, can be classified into two categories; incinerator bottom ash (IBA) and
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incinerator fly ash (IFA). In a typical incinerator, IBA constitutes between 80% and 90%
of the MIA by weight while IFA constitutes between 10% and 20%.
CCPs are primarily generated in coal-fired power plants. In 2005, approximately
1.1 billion tons of coal was consumed in the U.S. for electrical power generation, which
represents 92% of the total demand for coal in the U.S. (EIA, 2006). CCPs encompass all
residuals of coal combustion, including coal fly ash (CFA) (58%, or 72.4 million tons),
coal bottom ash (CBA) (16%, or 18.6 million tons), flue gas desulfurization (FGD)
material (23%, or 30.2 million tons), and boiler slag (3%, or 2.0 million tons) (Kalyoncu
and Olson, 2005; American Coal Ash Association (ACAA), 2007).
About 37 million tons of CCPs are beneficially used in the United States each
year, but more than 81 million tons go unused (ACAA, 2007). Out of the 81 million tons
of CCPs that go unused, approximately 50 million tons is CFA. CFA has the most reuse
options compared to the other three CCPs, but is also produced in greater quantity and is
consequently landfilled in greater quantities than any other CCP.
This review examines the properties and constituents of CCPs and MIA in terms
of their chemical constituents and physical characteristics. Environmental concerns
pertaining to CCPs and MIA, and available options for reuse, are examined. CFA and
IBA constitute the majority of CCPs and MIA, respectively, so more attention is devoted
to the research on and reuse of these materials. Selected case studies are presented to
illustrate the performance, in terms of compressive and flexural strength, and application
of composites made from CFA, IBA, and ordinary Portland cement (OPC). Consumer
and disposal costs are also addressed for both CCPs and MIA.
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Municipal Solid Waste Incinerator Ash
MIA represents the solid residual from combustion of MSW. Organic
constituents of the MSW such as wood, paper, plastic, food, etc, are transformed into
CO2 and H2O at temperatures above 550 °C (1,022 °F). Only about 10% of the total ash
formed in the combustion process is used beneficially, e.g., as daily landfill cover or in
road construction (EPA, 2005).
The characteristics of MIA may vary slightly depending on source, due to:
•

The specific components of the MSW, which will vary depending on local
conditions, collection practices, and recycling efforts;

•

The operating temperatures in the incinerator;

•

The pollution control devices and strategies utilized by the incinerator, which
can remove some components from the ash stream, but in some cases may
result in additional constituents (i.e., sorbents for HCl control, ammonia for
NOx control) in the ash;

•

The type of metal recovery process used, if any.

Incinerator Fly Ash
Fly ash refers to ash that has become airborne because of its small particle size
and exposure to high temperatures and turbulence during combustion. Fly ash must be
removed before combustion gases are discharged from the emissions stack of either a
coal-fired power plant or a MSW incinerator plant. Fly ash constitutes the minority of
MIA, but the majority of CCPs. This is because the mean particle size of MSW is
relatively large and combustion is at a relatively low temperature 1,600- 2,000°F (8501,050 °C) (Shen et al., 2005; SWDA Huntsville, 2008), thus producing larger particles.
In contrast, coal is often pulverized into powder form before being fed into the
5

combustion chamber, in order to optimize combustion and heat transfer and thus generate
more power. Furthermore, the combustion chamber of a coal-fired power plant will
usually operate at a much higher temperature, 2,550-3,000 °F (1,400-1,650 °C) (Jones et
al., 2006). The smaller particle size and higher combustion temperature in a coal-fired
power plant result in a greater proportion of fly ash compared to a MSW incinerator.
In contrast to CFA, IFA is not allowed as a cement replacement or concrete
additive under the criteria of ASTM C 618-05 (ASTM, 2007). A study conducted in
Europe sampled ten European MSW incinerator plants from Belgium, France, Germany,
Italy, Switzerland, and the Netherlands and analyzed the IFA for its physical
characteristics, major chemicals, and trace elements (Table 2.1). Based on this data IFA
would make a poor substitute for CFA because its (SiO2 + Al2O3 + Fe2O3) was quite low
and failed to meet the criteria of ASTM C 618-05. The SiO2, Al2O3 and Fe2O3 content of
a concrete additive is an important determinant of concrete performance because these
oxides mitigate alkali silica reactivity (ASR), which may result in expansion and
cracking. In addition, the CaO content of IFA was high, which is undesirable when
trying to mitigate expansion. The physical appearance of IFA resembles CFA in that
both are fine powders (Figure 2.1).
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Table 2.1
Chemical Composition of Incinerator Fly Ash

Compound
SiO2
Al2O3
Fe2O3
Sum
CaO
MgO
NaCl
KCl
CaSO4
Zn
Pb
Cr
Cd
LOI

Percent by Weight
(mean + standard
deviation)
23.00±0.50
9.80±2.90
2.70±1.10
35.50±4.50
25.80±4.20
2.70±0.40
5.80±3.20
7.90±3.80
13.50±4.60
1.60±0.78
0.61±0.44
0.06±0.02
0.03±0.02
6.50±2.20

Source: Francois & Criado, 2006

Incinerator Bottom Ash
Bottom ash in contrast to fly ash is much larger in size and does not become
airborne during combustion. IBA has the appearance of small charcoals (Figure 2.1).
The IBA samples from seven MSW incinerators plants in Spain (Izquierdo et al., 2001)
and four MSW incinerators in Italy (Filipponi et al., 2003) were collected and analyzed
(Tables 2.2 and 2.3). The composition of the Italian IBA is within the range generally
expected for IBA. None of the Spanish plants were specifically identified as having
metal recovery systems (Izquierdo et al., 2001), which typically reduce the iron and
aluminum concentrations in the ash. While the chemical composition of IBA provides
some indication of its suitability as a concrete additive, it should be noted that IBA would
7

chemically interact with concrete at a much slower rate than either IFA or CFA. This is
because the mean particle size of IBA is much larger than IFA or CFA, resulting in a
much lower specific surface area and less chemical interaction. Course aggregate is also
usually considered chemically inert in concrete mixtures for the same reason (Kosmatka
& Panarese, 1988).

Table 2.2
Elemental Analysis of Incinerator Bottom Ash
Major
Elements
Si
Al
Fe
Sum
Ca
Mg
K
Na
P
S
Cu
Mn
Ba
Zn
Pb
O

Percentage
by Weight
14.90-24.50
2.50-5.20
2.00-7.10
19.40-36.80
9.50-12.80
0.80-1.40
0.80-1.30
3.00-4.00
0.40-0.80
0.20-0.40
0.08-0.40
0.06-0.28
0.05-0.13
0.04-0.34
0.02-0.35
32.00-63.65

Corresponding
Oxides a
SiO2
Al2O3
Fe2O3
Sum
CaO
MgO
K2O
Na2O
P2O5
SO3
CuO
MnO2
BaO2
ZnO
PbO
LOI

Source: Izquierdo et al., 2001
Assumes all elements were oxidized

a
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Percentage
by Weight
35.88-59.00
6.35-13.21
3.21-11.41
45.44-83.62
12.12-22.98
1.75-2.35
1.03-1.81
4.04-6.56
1.33-1.77
0.56-1.12
0.22-0.45
0.10-0.50
0.04-0.20
0.15-0.39
0.05-0.41
2.00-9.00

Figure 2.1 Photos of Coal Fly Ash (Top) and Incinerator Bottom Ash
(Bottom)
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Table 2.3
Oxide Analysis of Incinerator Bottom Ash

Constituent
(% by weight)
SiO2
Al2O3
Fe2O3
Sum
TiO2
CaO
MgO
K2O
Na2O
P2O5
MnO
LOI

Bottom Ash Sample
1
47.76
10.55
8.61
66.92
0.79
16.45
3.67
1.41
3.51
1.29
0.13
5.55

2
41.13
11.35
6.77
59.25
1.23
19.77
3.85
1.57
2.84
1.84
0.11
3.47

OPC a
3
56.99
9.2
3.97
70.16
0.49
13.22
3.46
1.35
5.87
0.7
0.08
8.47

25.94
5.01
4.85
35.8
0.33
52.23
2.27
1.98
0.32
0.12
0.07
2.94

Source: Filipponi et al., 2003
a
OPC, ordinary Portland cement.

Disposal Costs of Municipal Solid Waste Incinerator Ash
Since the demand for MIA (either IFA or IBA) is low, almost all MIA is
landfilled. The cost of disposing MIA depends on local landfill tipping fees, distance
from the landfill, and whether or not the MIA is considered hazardous and subject to
special requirements. Most MIA does not meet the criteria for hazardous waste and can
be disposed of in non-hazardous waste landfills
Landfill costs vary across the U.S. (Table 2.4). Costs are generally higher in
densely populated areas such as the northeast, and lower in the Midwest. The nationwide
average landfill tipping fee was about $35/ton in 2004.
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Table 2.4
Average Landfill Tipping Fees in the United States
Region
Northeast
MidAtlantic
South
Midwest
South
Central
West
Central
West
National
Average

2004
70.53

2002
69.07

2000
69.84

1998
66.68

1995
73.17

1992
65.83

1990
64.76

1988
61.11

1987
52.41

1986
17.11

1985
12.66

46.29
30.97
34.96

45.26
30.43
34.14

45.84
30.53
32.85

44.11
30.89
30.64

45.68
28.50
31.15

47.94
22.48
27.10

40.75
16.92
23.15

33.84
16.46
17.70

26.32
13.13
16.42

22.08
5.76
11.75

16.99
3.24
7.23

24.06

23.28

21.90

21.02

20.30

12.53

12.05

11.28

10.17

7.61

7.24

24.13
37.74

23.40
38.90

22.29
34.54

22.51
36.08

23.29
37.69

12.62
27.92

11.06
25.63

8.50
19.45

7.23
13.92

6.21
11.10

5.36
10.96

34.29

33.70

32.19

31.81

32.19

26.32

23.01

19.12

16.11

10.92

8.20

Source: National Solid Wastes Management Association (NSWMA), 2004

Coal Combustion Products
Coal Combustion Products (CCPs) are primarily generated by coal-fired power
plants. Compared to MIA, the generation of CCP is more widely distributed throughout
the U.S. and occurs in much greater quantities. There are also more numerous reuse
options for CCPs than for MIA. In a coal-fired power plant, CFA and flue gas
desulfurization (FGD) products together account for about 85% of the CCPs, and CBA
and boiler slag account for about 15% (ACAA, 2003). A substantial portion of these
residuals is beneficially utilized in a wide range of applications (Table 2.5).

11

Table 2.5
2006 Coal Combustion Product Production and Use Survey
CCP Categories (Short Tons)
CCP Production Total
CCP Use by Application
Concrete/Concrete Products/Grout
Cement/Raw Feed for Clinker
Flowable Fill
Structural Fills/Embankments
Road Base/Sub-base/Pavement
Soil Modification/Stabilization
Mineral Filler in Asphalt
Snow and Ice Control
Blasting Grit/Roofing Granules
Mining Applications
Wallboard
Waste Stabilization/Solidification
Agriculture
Aggregate
Miscellaneous/Other
CCP Category Use Totals
Application Use To Production Rate

72,400,000

18,600,000

Boiler
Slag
2,026,066

15,041,335
4,150,228
109,357
7,175,784
379,020
648,551
26,720
0
0
942,048
0
2,582,125
81,212
271,098
1,016,091
32,423,569
44.78%

597,387
925,888
0
3,908,561
815,520
189,587
19,250
331,107
81,242
79,636
0
105,052
1,527
647,274
676,463
8,378,494
45.05%

0
17,773
0
126,280
60
0
45,000
41,549
1,445,933
0
0
0
0
416
13,988
1,690,999
83.46%

Fly Ash

Bottom Ash

FGD
Products
30,188,146
1,551,590
264,568
9,843
131,821
249
1,802
0
0
232,765
316,707
7,579,187
27,838
169,036
0
346,411
10,631,817
35.22%

Source: ACAA, 2007

Coal Fly Ash
CFA is defined by the American Coal Ash Association (ACAA, 2003) as “a
product of burning finely ground coal in a boiler to produce electricity. It is removed
from the plant exhaust gases primarily by electrostatic precipitators or baghouses. CFA
is a pozzolan and physically is a very fine, powdery material, composed mostly of silica,
and nearly all particles are spherical in shape.”
CFA may have cementitious or pozzolanic properties. Cementitious properties
refer to a material’s ability to gain strength after water has been added. Pozzolanic
properties can be defined (Kosmatka & Panarese, 1988) as “siliceous or aluminosiliceous
12

material that in itself possesses little or no cementitious value but will, in finely divided
form and in the presence of water, chemically react with the calcium hydroxide released
by the hydration of Portland cement to form compounds possessing cementitious
properties.”
There are several markets for CFA. Frequently, it is sold to cement plants,
concrete companies, and various underground utility contractors. However, despite these
markets for CFA, 2-3 times more CFA is produced than sold. This is a consequence of
the large quantity of coal consumed in the U.S. every year (ACAA, 2003). In lieu of
landfilling, coal-fired power plants have other options for ash disposal. For example, if
sufficient cementitious properties exist, the ash might be used to solidify dirt roads in the
local area and/or the dirt roads used by heavy equipment onsite at the power plant and
coal mine. (Hawkey & Merino, 2004).
Due to its pozzolanic properties and high pH, CFA can function as a replacement,
at least in part, for Portland cement. Consequently, CFA is the most widely used CCP,
accounting for 64% of the total CCPs used (ACAA, 2007). CFA is predominately used
in cement, concrete blocks, road bases, and coal mine reclamation. Utility contractors
also use CFA to make slurry that develops enough strength to protect underground
utilities from accidental damage but can be removed without use of a jackhammer.
Dam construction in the U.S. during 1930’s provided the impetus to conduct the
first in-depth technical appraisal of the use of CFA in concrete. Dams require a massive
amount of concrete compared to other projects, so methods of reducing the cost of
material were sought. The pioneering work of Davis et al. (1937) during that period laid
the framework by which the ‘quality’ of ash continues to be judged (Jones, et al., 2006),
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and spurred the concrete industry to begin using CFA on a much larger scale. Davis et al.
(1937) evaluated CFA produced by fourteen coal-fired power plants (Table 2.6) to
determine if the properties of concrete could be improved by adding CFA, and found that
the replacement of 20% cement with CFA would increase many desirable properties,
including the overall strength of the resulting concrete. In some instances, as much as
50% of the cement could be replaced with CFA while achieving a higher ultimate
strength. CFA with high carbon content, which correlates very closely with the loss on
ignition (LOI) generally exhibited poor performance as a pozzolan.

Table 2.6
Analysis of Coal Fly Ash, 1937
Measured Oxide Percentage by Weight
Coal Plant

SiO2

Fe2O3

Al2O3

TiO2

CaO

MgO

Na2O

FeO

K2O

LOI

Chicago
Cleveland
Indiana
West Penn
Union Elec.
Detroit
Duquesne
Long Island
Potomac
N.Y. Edison
Cos Cob
Stamford
N.Y. Steam
Hell's Gate
Average

44.18
44.10
41.70
49.00
47.00
46.40
47.82
40.26
35.24
39.18
40.40
37.84
34.68
32.84
41.47

17.45
18.99
11.77
3.86
9.99
6.29
6.98
9.92
7.74
10.55
3.91
9.96
14.30
11.75
10.25

16.44
20.85
27.88
27.53
19.94
27.49
25.57
29.74
22.87
27.77
30.65
24.41
21.52
25.42
24.86

0.83
1.11
1.21
1.45
1.01
1.51
1.19
1.47
1.27
1.19
1.04
1.00
0.97
0.84
1.15

7.14
4.00
3.44
5.36
5.02
2.48
2.48
1.60
10.59
1.22
1.78
1.68
2.80
1.00
3.61

0.92
0.79
0.89
0.86
0.92
1.02
0.79
0.62
1.82
0.56
1.17
1.15
0.55
0.57
0.90

2.17
0.58
0.67
0.73
0.92
1.93
0.66
0.43
1.03
0.39
1.03
1.15
0.47
1.26
0.96

4.23
4.27
4.23
2.07
2.81
2.20
2.16
2.33
2.85
2.76
1.28
2.35
4.06
3.63
2.95

1.82
1.53
2.56
2.09
1.89
2.08
1.85
1.11
1.12
1.14
1.82
1.97
1.20
0.72
1.64

1.50
1.55
3.91
6.56
7.89
8.33
9.82
11.87
13.16
14.66
15.30
17.05
18.12
20.98
10.76

Source: Davis et al., 1937

CFA analysis from more contemporary coal-fired power plants (Table 2.7)
indicates that its composition has changed little since 1937. A notable difference,
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however, is that the average CaO content of CFA is much higher now than it was 70
years ago, i.e. 17.28% vs. 3.61%. This is because many coal-fired power plants now
inject lime into the combustion process to reduce sulfur emissions and meet air pollution
control requirements. This, unfortunately, results in more CaO in the fly ash and reduces
its effectiveness in mitigating expansion. Consequently, ASTM C 618 specifically
prohibits the use in concrete of CFA that has been produced from a coal-fired plant that
employs lime injection.
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Table 2.7
Analysis of Coal Fly Ash, 2005
Original Study

Shehata & Thomas
(2000)

McKeen, et al. (2000)

Detwiler (2003)
Touma, et al. (2001)
Shon, et al. (2004)
Rangaraju et al.
(2005)
Average

Type SiO2 Al2O3 Fe2O3
F
41.96 19.64 20.07
F
47.34 22.34 15.08
F
61.50 20.52
4.29
F
45.66 21.42
5.53
F
50.92 23.64
4.62
F
51.56 22.90
4.58
C
40.68 21.19
4.50
F
44.29 20.96
5.23
C
39.77 21.46
5.69
C
32.71 19.02
5.76
C
38.42 20.57
5.64
C
39.83 19.56
5.54
C
38.22 18.43
5.72
C
35.20 18.72
6.06
C
36.12 18.64
6.07
C
34.60 16.45
7.13
C
31.65 16.65
7.28
C
41.12 11.24
5.93
F
62.56 25.10
4.68
F
63.37 22.26
5.34
F
61.34 25.11
4.42
F
50.19 22.25
4.68
C
39.04 19.39
4.94
F
44.80 23.54 16.98
C
41.00 21.50
6.03
C
34.68 19.51
5.81
F
56.50 19.30
4.70
C
34.99 20.55
6.24
C
35.20 21.60
5.40
F
43.53 20.94
9.68
C
36.11 17.25
6.53
43.71 20.38
6.78

Source: Malvar & Lenke, (2005)
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Sum
81.67
84.76
86.31
72.61
79.18
79.04
66.37
70.48
66.92
57.49
64.63
64.93
62.37
59.98
60.83
58.18
55.58
58.29
92.34
90.97
90.87
77.12
63.37
85.32
68.53
60.00
80.50
61.78
62.20
74.15
59.89
70.87

CaO
5.57
6.38
8.68
13.34
13.63
15.15
15.87
17.51
18.46
18.85
20.50
21.53
24.61
26.61
26.62
27.71
29.10
30.00
2.81
3.60
4.64
14.73
24.51
5.66
18.62
25.74
12.30
26.12
25.90
8.36
22.47
17.28

Coal Fly Ash Classifications
ASTM C 618-05 defines three classes of fly ash, Class C, Class F, and Class N
(Table 2.8). Class C fly ash is obtained from the combustion of subbituminous or lignite
coal while Class F fly ash is produced from the combustion of bituminous or anthracite
coal. Class N is a naturally occurring ash such as volcanic ash. All classes are
acceptable fly ashes to add to cement, but Class C fly ash is the preferred type offered for
residential applications from ready-mix suppliers (Sustainable Building Sourcebook,
2006). The reasons for its high usage may include:
•

Class F fly ash will typically require the addition of an air entraining agent while
Class C fly ash will not.

•

Concrete containing Class C fly ash will generally develop higher early strength
than will concrete containing Class F fly ash.

Advantages of Class F fly ash, on the other hand, are:
•

Class F fly ash reduces expansion from alkali-aggregate reactivity better than
Class C fly ash.

•

Class F fly ash improves resistance to sulfate attack better than Class C fly ash.
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Table 2.8
ASTM Specifications for Class C, Class F, and Class N Fly Ash
ASTM C 618 Requirement
Sum of SiO2, Al2O3, & Fe2O3, minimum %
Sulfur Trioxide (SO3), maximum %
Moisture Content, maximum %
Loss On Ignition (LOI), maximum %
Fineness: (Amount retained on No. 325 (45μm) sieve %)
Water Requirement, maximum %
Autoclave Expansion or Contraction, maximum %
Strength Activity Index with Portland Cement - 7 day
(This is the minimum strength of cement w/fly ash
compared to cement w/o fly ash, at 20% replacement)
Strength Activity Index with Portland Cement - 28 day

C
50
5.0
3.0
6.0
34
105
0.8

Fly Ash Class
F
70
5.0
3.0
6.0
34
105
0.8

N
70
4.0
3.0
10.0
34
115
0.8

75%

75%

75%

75%

75%

75%

Source: ASTM, 2007

Annual production and beneficial use in the U.S. of Class C ash is approximately
30 million tons and 42% (12.6 million tons), respectively, and for Class F ash is
approximately 70 million tons and 51% (35.7 million tons) (Hoffman, 2005).

Market Value and Disposal Costs of Coal Fly Ash
The price of CFA (Table 2.9) can vary greatly depending on its quality, and the
disposal cost of any CFA that cannot be sold may also vary considerably as well. The
type of CFA, its market location, and seasonal aspects all affect value of CFA (ACAA,
2003). Seasonal variations reflect increased power demand during the winter or summer
months and the corresponding increase in coal consumption and CFA production, as well
as decreased construction activity in winter months.
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Table 2.9
Price Ranges for Various Qualities of Coal Fly Ash
Fly Ash Use
Concrete quality fly ash
Self-cementing fly ash for soil stabilization
Bottom ash for snow and ice control
Fly ash for flowable fill
Bottom ash and/or fly ash for road base
Self-cementing fly ash for oil field grouting or waste
stabilization

Cost ($/ton)
$20 to $45 a ton
$10 to $20 a ton
$3 to $6 a ton
$1 a ton and up
$4 to $8 a ton
$15 to $25 a ton

Source: ACAA, 2003

If the CFA can not be sold or reused then it must be disposed of. Multiple factors
determine the cost to dispose of CFA that cannot otherwise be used, including the
specific type of ash, location, transportation methods, climate, terrain, regulatory
requirements, and potential for future use (ACAA, 2003). Disposal costs are lowest
when a disposal site is located near the power plant and the material being disposed of
can be easily handled, particularly if the material can be piped rather than trucked, and
may be as low as $3.00 to $5.00 per ton (ACAA, 2003). When the distance to the landfill
is farther and material handling is more difficult due to moisture content or volume, costs
can reach $20 to $40 a ton or higher (ACAA, 2003).

Coal Bottom Ash
CBA is defined (ACAA, 2003) as “agglomerated ash particles formed in
pulverized coal furnaces that are too large to be carried in the flue gases and impinge on
the furnace walls or fall through open grates to an ash hopper at the bottom of the
furnace. CBA is typically grey to black in color, is quite angular, and has a porous
surface structure.” CBA is often used as an aggregate or as a feed stock in cement
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manufacturing or in construction applications in lieu of other constituents such as sand or
gravel (ACAA, 2003).
In comparison to CFA, CBA lacks pozzolanic and cementitious properties, partly
due to its particle size (Figure 2.2), which is comparable to IBA, but also due to its
chemical composition (Table 2.10). Consequently, CBA is thought of as an aggregate
replacement rather than a cement replacement. The particle size for CBA falls between
that of sand and coarse aggregate. The main uses of CBA are for structural fill, snow and
ice control, road bases, and concrete (ACAA, 2003).

Table 2.10
Composition of Coal Bottom Ash
CBA Sample
1
2
30.32
28.1
18.54
17.84
7.00
6.96
55.86
52.90
0.90
0.90
8.32
7.28
1.91
1.73
1.29
1.24
0.90
0.74
ND
ND
ND
ND
69.18
64.79
27.89
31.56

Ash Oxide Percentage
by Weight.
SiO2
Al2O3
Fe2O3
Sum
TiO2
CaO
MgO
K2O
Na2O
P2O5
MnO
Total
LOI
Source: Davis et al., 1937
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Figure 2.2 Photo of Coal Bottom Ash

Flue Gas Desulfurization Material
FGD material is mostly used in wallboard manufacturing and is often called
“synthetic gypsum.” Flue gas desulfurization is a process to remove sulfur oxides
produced during coal combustion from the flue gas of coal-burning power plants, by
chemically combining them with limestone (calcium carbonate, CaCO3), lime (calcium
oxide, CaO), or ammonia (NH3):
CaCO3 + SO2  CaSO3 + CO2
Ca(OH)2 + SO2  CaSO3 + H2O
CaSO3 + H2O + ½O2  CaSO4 + H2O
The end-product is a hydrated calcium sulfate (CaSO4 2H2O), gypsum (Kalyoncu &
Olson, 2005). To accomplish these reactions, limestone may be added directly to the
21

furnace and the resulting gypsum captured in the flue gas scrubber, or lime slurry may be
added to the scrubber itself, or a combination of the two methods may be used. The FGD
material is thus a mixture of the fly ash and the gypsum formed by the FG reactions.

Boiler Slag
Boiler slag is predominantly used in blasting grit and roofing applications
(Kalyoncu and Olson, 2005) and has been examined with as a possible substitute
aggregate in concrete. Boiler Slag constitutes the least amount of the four major CCPs
produced.

Performance of Concrete Composites Incorporating CCPs and MIA
Incorporating large amounts of CCPs or MIA into a concrete composite will
likely lower the strength of the resultant composite. The case studies discussed below
were selected because they blend relatively high amounts of IBA or CFA with cement.
Many similar studies have been performed, but typically utilize much less ash in their
composites, or incorporate ingredients other than ash and cement. Consequently, the
composites evaluated in these case studies should reflect the degradation in concrete
performance, particularly in terms of the compressive and flexural strength, that could be
expected when combining large amounts of ash with Portland cement.

Utilization of CFA-Sand-Cement Composites in Marine Artificial Reefs (Kress et al.,
2002)
CFA, sand, and ordinary Portland cement in various ratios were used to fabricate
concrete blocks, with the CFA used principally as a replacement for sand, i.e. as an
aggregate, rather than as a cement substitute. The blocks were then used to construct
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artificial ocean reefs deployed in the Mediterranean at a depth of 18.5 m off the coast of
Israel. Since CFA has some pozzolanic properties, and the fraction of cement was
identical in all four composites, using some CFA in lieu of sand effectively increased the
total cementitious material in the composite, leading to higher strength. The composites
with 40-60% CFA faired the best of all. The results of this study showed that these
blocks were environmentally safe and that their strength increased or remained constant
for the entire 3 years they were studied. They were not tested after 3 years, so their
performance after that point is unknown. Figure 2.3 shows the performance of the
composites from 0 to 3 years.

Mix
0%
40%
60%
80%

CFA %
0
40
60
80

Cement %
15
15
15
15

Sand %
85
45
25
5

Figure 2.3 Compressive Strength of Artificial Ocean Reefs. Source: Kress et al., 2002
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Performance of IBA-Cement Composites (Kokalj et al., 2005)
Composites were prepared containing 0% IBA/100% cement to 40% IBA/60%
cement (Table 2.11), plus an appropriate amount of water. For all composites, the water
added was 50% the mass of cement; water need not be added for the IBA since it is
relatively non-absorptive. Evaluation of composite performance after 3, 7 and 28 days
indicated that flexural and compressive strength are related to the relative amounts of
IBA and cement in the composite. Regression analysis allowed equations for the 28-day
compressive strength (f) to be developed which are:
f = 7,098 + 53.6 * (IBA%) – 2.175 * (IBA%)² [(in psi)]
or
f = 48.95 + 0.3697 * (IBA%) – 0.015 * (IBA%)² [(in MPa)]
Flexural strength is represented by the modulus of rupture (MR) in psi or MPa, as
indicated. %IBA is the mass percentage of IBA, on a dry weight basis, in the composite.
The regression equations for the 28-day flexural strength are:
MR = 1,160 + 2.64 * (IBA%) – 0.203 * (IBA%)² [(in psi)]
or
MR = 8 + 0.0182 * (IBA%) – 0.0014 * (IBA%)² [(in MPa)]
Obviously, application of these equations is limited to the range of compositions of the
composites prepared, i.e., up to 40% IBA with Portland cement.
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Table 2.11
Strength as a Function of IBA%

Mix
No.
1
2
3
4
5

IBA
%
0
10
20
30
40

Cement
%
100
90
80
70
60

3 day
Compressive
Strength
(psi)
3915
3770
3480
2610
1750

7 day
Compressive
Strength
(psi)
5220
5365
5220
4750
3625

28 day
Compressive
Strength
(psi)
7105
7390
7150
6850
5510

3 day
Flexural
Strength
(psi)
550
530
470
350
205

7 day
Flexural
Strength
(psi)
960
880
760
720
710

28 day
Flexural
Strength
(psi)
1160
1170
1100
1050
940

Source: Kokalj et al., 2005

Utilization of Composites Containing Cement, IBA and Other Recycled Materials
(Scheetz & Silsbee, 1997)
Composites were prepared using cement, IBA, and a range of other recycled
materials in three different formulations (Table 2.12). A water/cement (w/c) ratio of 0.5
was used, with no additional water provided for the other components since these were
all relatively non-absorptive. Compressive strength test results at 3 days suggested that
concrete incorporating large amounts of waste products could nevertheless develop
sufficient strength to be acceptable for certain applications. Durability of the composites
was assessed using a freeze/thaw test, where test blocks were subjected to a succession of
freeze/thaw cycles, and samples sacrificed for compressive strength testing after every 20
cycles. Composite strength was not significantly reduced even after 300 freeze/thaw
cycles.
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Table 2.12
Green Concrete
Ingredients (% by weight)
Recycled Conc. %
Incinerator Bottom Ash %
Cement %
Slag %
Coal Fly Ash %
Silica Fume %
Comp. Strength 3 day (psi)

1
41.85
29.34
20.00
3.85
3.85
1.11
2,300

Sample No.
2
35.59
35.59
20.00
3.85
3.85
1.11
2,550

3
0
71.18
20.00
3.85
3.85
1.11
2,080

Source: Scheetz and Silsbee, 1997

Environmental Concerns Regarding CCPs and MIA in Concrete Composites
The EPA has concluded that CCPs are non-hazardous and need not be regulated
as a hazardous waste. CCPs are exempt under the Resource Conservation and Recovery
Act (RCRA) subtitle C (ACAA, 2007; EPA, 2009). However, if CCPs are deposited in a
landfill or surface impoundment (e.g., in an abandoned mine) then the CCPs are subject
to the non-hazardous waste criteria under subtitle D of RCRA (EPA, 2009). MIA is not
exempt under subtitle C of RCRA and may be regulated as a hazardous waste,
particularly if it contains high concentrations of toxic metals.
The toxic metals in the combustions residues are contained in the original fuel
(MSW or coal), but become concentrated and transformed into more mobile species as a
result of the combustion process. Distribution of the toxic metals between the bottom ash
and fly ash tends to reflect their respective boiling points (Table 2.13) (Shimaoka, et al.,
2003). Cadmium, mercury, arsenic, and selenium all have boiling points lower than the
typical combustion temperatures of a MSW incinerator plant, 1,600- 2,000°F (850-1,050
°C) , therefore a greater fraction of these metals is volatilized and collected with the fly
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ash. Chromium, silver, barium, and lead, on the other hand, have boiling points higher
than the combustion temperature, and consequently partition towards the bottom ash.
Because of this IBA meets the criteria for being hazardous less often than IFA. The same
concept also applies to CBA and CFA as CBA is less toxic than CFA, but still CFA
usually does not have high enough concentrations of toxic metals to be considered
hazardous.
The technique of mixing waste with cement as a treatment and stabilization
method was first applied in the 1950’s to immobilize radioactive waste from nuclear
power plants (Portland Cement Association, 2007). Today, stabilization of hazardous
wastes containing labile constituents by mixing with cement or lime with waste is an
EPA approved is an EPA-approved process for the treatment of chemical wastes,
contaminated soil, wastewater treatment sludge, and MIA (Portland Cement Association,
2007).
Acidic conditions tend to mobilize and solubilize toxic metal constituents, and the
high pH of cement-ash composites permits them to resist such acid attack. However,
extended exposure of a cement-waste composite to acidic conditions could result in its
eventual breakdown, leading to leaching of its hazardous constituents (Poon and Lio,
1997). Such conditions could occur, for example, in a landfill, as over time water and
other liquids to percolate through its contents. The percolating liquid may dissolve or
react chemically with solids in the landfill, or may contain organic material that could
undergo anaerobic degradation, leading to the formation of organic acids.
The Toxicity Characteristic Leaching Procedure (TCLP) is a technique designed
to assess the mobility of both organic and inorganic constituents of a liquid, solid, or
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multiphasic waste under conditions that might be encountered after burial in a landfill, by
exposing a waste sample to a mild acid (acetic acid, pH ~ 4.9) to evaluate the potential
for leaching of harmful constituents. Leachate collected during the test is quantified for
40 constituents, any of which, if the concentration limits were exceeded, could lead to
classification of the material as a characteristic hazardous waste (EPA, 2006). The 40
chemicals quantified during the TCLP procedure include a number of organic chemicals,
however organics are typically destroyed at temperatures >550oC, and combustion of
MSW and coal occur at much higher temperatures, hence only inorganic constituents are
of concern in MIA or CCPs and are shown in Table 2.13.

Table 2.13
Maximum Concentration of Contaminants for Toxicity Characteristic
(Non-organics Excluded)
EPA
Hazardous
Waste code

Contaminant

D004

Arsenic (As)

5.0

1,137°F/614°C

D005

Barium (Ba)

100.0

3,447°F/1,897°C

D006

Cadmium (Cd)

1.0

1,413°F/767°C

D007

Chromium (Cr)

5.0

4,840°F/2,671°C

D008

Lead (Pb)

5.0

3,180°F/1,749°C

D009

Mercury (Hg)

0.2

674°F/357°C

D010

Selenium (Se)

1.0

1,265°F/685°C

D011

Silver (Ag)

5.0

3,924°F/2,162°C

Source: EPA, 2006
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Regulated
Level
(mg/l)

Boiling Point

Stability of Cement-IFA Composites (Hemmings and Cornelius, 2004)
The stability of composites incorporating IFA from the MSW incineration plant
of Burnaby, BC was assessed using the TCLP method. The proposed use for the
composites was in the fabrication of Jersey barriers, concrete barriers used on highways
during maintenance and repair operations. Analysis of leachate obtained from
composites incorporating ordinary Portland cement (OPC), Class F sub-bituminous CFA
(PFA), and/or ground granulated blast furnace slag (BFS) suggests that the toxic metals
in the IFA were effectively sequestered by the cement and were in no danger of leaching
into the environment (Table 2.14). The raw, unmodified IFA exceeded the TCLP limit
for lead, but incorporation of OPC and other materials used in the study reduced the
leachate lead concentration to less than the minimum detection limit (MDL), 0.05 mg/L.
Neither raw IFA nor any of the composites yielded leachate that exceeded TCLP limits
on any of the other metals, nevertheless the sequestering or mobilizing action on the IFA
constituents can be inferred from the leachate compositions.
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Table 2.14
TCLP Analysis of IFA Composites

Parameter
(mg/L)
Arsenic
Barium
Boron
Cadmium
Chromium
Lead
Mercury
Selenium
Silver
Uranium

Leachate
Criteria
2.5
100.0
500.0
0.5
5.0
5.0
0.1
1.0
5.0
10.0

MDL
(Minimum
Detection
Limit)
0.0010
0.0050
0.0100
0.0050
0.0100
0.0500
0.0001
0.0010
0.0500
0.0700

Raw
IFA
0.005
2.410
0.260
0.011
0.010
33.100
<MDL
0.008
<MDL
<MDL

80:20
OPCIFA
0.002
0.327
0.020
<MDL
0.140
<MDL
<MDL
<MDL
<MDL
0.130

80:10:10
OPCIFAPFA
0.005
0.288
0.160
<MDL
0.160
<MDL
<MDL
<MDL
<MDL
0.130

80:10:10
OPCIFABFS
0.002
0.285
0.020
<MDL
0.090
<MDL
<MDL
<MDL
<MDL
0.170

Source: Hemmings and Cornelius, 2004

The effectiveness of cement stabilization generally depends on the amount of
cement used relative to the waste, the environmental conditions, and the specific toxic
metals to be sequestered. Extensive research has been performed to assess the efficacy of
cement stabilization on toxic metals and other waste constituents, and there is some
debate as to whether the TCLP is the appropriate method for doing so (Poon and Lio,
1997). The proposed Jersey barriers would not be exposed to landfill conditions, but to
wet and dry atmospheric deposition. However, acid precipitation in the U.S. can have a
pH as low as 4.2 (EPA, 2008), which is similar to the pH of some landfills.
This study also examined the potential consumption of IFA through its proposed
use in Jersey barriers. In order to completely utilize the 20 m3/d IFA output of the
Burnaby (population ~ 200,000) MSW incineration facility; 2,500 linear feet of standard
highway median barrier, would have to be produced daily if IFA comprises 10 percent of
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the composite. Obviously, if the composite made of the 80:20 OPC:IFA is used then
only half that much (1.250 linear feet per day) would have to be produced.
In comparison to IFA, IBA is much more plentiful and is typically less hazardous,
therefore, it may be preferable for now to use only IBA fraction of MIA. If a hazardous
waste is added to a concrete product, then the entire product may be considered
hazardous material which could future disposal much more difficult. In addition the IFA
tested in this case study had high levels of chlorides, which may lead to corrosion of
reinforcing bars if combined with the concrete. High levels of chlorides are typical of
IFA (Erickson, 2002), however the only concrete ingredient that is traditionally measured
for chlorides is the water used in the formulation (Kosmatka & Panarese, 1988).

Summary
There is growing interest in the use of waste products in concrete, which offers
the potential for less expensive disposal compared to landfilling and/or a lower cost
concrete product. Two waste streams were specifically examined here, MIA and CCPs.
Both of these streams are typically segregated into a fly ash fraction and a bottom ash
fraction. The bottom ash (IBA) represents the larger fraction of MIA, but in CCPs the fly
ash (CFA) constitutes the larger fraction. Consequently, case studies were selected that
examined the structural performance of cement-ash composites incorporating IBA or
CFA. Although a market exists for CFA, the large amount of coal consumed in the U.S.
by the electric power industry means that a substantial amount of CFA goes unused.
Chemical analysis of CFA or IBA can help predict its performance in concrete.
CFA and IBA constituents can vary with source and, in CFA, air pollution control
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practices employed by the generator. The large particle sizes of IBA make it less reactive
than CFA, so that while CFA exerts some pozzolanic action IBA does not. CFA and IBA
are typically not classified as hazardous waste.
A number of studies suggest it is possible to incorporate large amounts of CFA,
IBA, and other waste products into concrete and still produce a useful product that is
environmentally safe. ASTM C618-05 prohibits the use of such concrete in structural
applications, but in non-critical or non-load bearing functions such as sidewalks, Jersey
barriers, and artificial ocean reefs, these composites could provide a more cost-effective
material than conventional concrete. The wide scale use of these composites could
provide alternative, less expensive disposal routes for CFA, IBA, and perhaps other waste
materials. The use of waste products in concrete could also reduce the cost of the
concrete, depending on the fee structure associated with transferring the waste. The use
of CFA, IBA, or other waste material should be restricted to those that would not be
considered hazardous wastes as defined in CFR Title 40. For this reason a TCLP should
be performed on any waste material prior to its addition to a concrete product.
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CHAPTER III
FORMULATION AND ASSESSMENT OF CONCRETE COMPOSITES
INCORPORATING COAL FLY ASH AND MUNICIPAL SOLID
WASTE INCINERATOR ASH

Abstract
Coal fly ash (CFA) and/or municipal solid waste incinerator bottom ash (IBA)
were combined with type I Portland cement, and the resulting composites were tested for
strength, durability, and stability. The amount of cement in each composite was limited
so that the cost of these cement-ash composites would be economically competitive with
the cost of landfilling the ash. The compressive and flexural strength of the composites
were less than of typical concrete, but perhaps still sufficient for construction of non-load
bearing structures such as sidewalks, Jersey barriers, or landscaping blocks. Of the two
residues, CFA appeared to cause less degradation of compressive strength in the resulting
composites, but a greater decline in flexural strength. These observations were attributed
to the cementitious and pozzolanic character of CFA, the high carbon content of IBA, and
the high water requirement of CFA. The composites retained structural integrity through
the durability tests, although formulations containing CFA exhibited varying amounts of
surface cracking. Toxicity Characteristic Leachate Procedure tests performed on CFA,
IBA, and composites incorporating them indicated that these materials would not be
classified as hazardous waste, and would be considered environmentally safe.
33

Introduction
Coal combustion products (CCPs) and municipal solid waste (MSW) are two of
the largest waste streams in the United States. CCPs are primarily produced from coalfired power plants, and are typically collected as fly ash (CFA) and bottom ash fractions,
that, respectively, represent 80% and 20% of the total coal ash. About 37 million tons of
coal combustion products (CCPs) are beneficially used in the U.S. each year, but more
than 81 million tons go unused (American Coal Council & American Coal Ash
Association (ACAA), 2003) and are eventually landfilled. CFA accounts for
approximately 50 million tons of the unused CCPs (ACAA, 2003).
The primary source of MSW is residential household waste, more commonly
known as trash or garbage. Approximately 245 million tons of is generated per year, of
which about 54% (132.3 million tons) is landfilled, 32% (78.4 million tons) is recycled,
and 14% (34.3 million tons) is incinerated, which results in about 8.6 million tons of
MSW incinerator ash (MIA) (EPA, 2005). As with coal ash, MIA is collected in two
fractions, a bottom ash (IBA) that represents 80 – 90% of the MIA by weight, and a fly
ash (IFA) that represents 10 – 20%.
The large volume of these waste streams is one of the major drivers for the
development of viable alternatives for their reuse and disposal. Such technologies,
should they prove economically competitive with landfilling and receive widespread
acceptance, could lead to substantially reductions in landfill space requirements and
ultimate disposal costs. Because of the physical and chemical properties of these
combustion residues, one potential use is as amendment or substitute for cement or
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aggregate in concrete composites. While this may lead to reduced strength, the
composites may still be suitable for structures such as sidewalks, Jersey barriers, or other
large scale concrete products that do not require the strength of typical concrete. At a
sufficiently low cement:ash ratio, the cost of the composites could be lower than the cost
of landfilling the ash, so that incorporation of the ash into concrete products would be an
economically viable, even attractive, disposal alternative.
This study focused on CFA and IBA because these are produced in much greater
quantity than other combustion residues. CFA and IBA were mixed with cement in ratios
at which the cost of cement would be offset by the avoided disposal costs of either the
CFA or IBA. The composites were assessed with respect to compressive and flexural
strength, durability as indicated by freeze/thaw and wet/dry tests, and environmental
acceptability based on the Toxicity Characteristic Leachate Procedure.

Methodology
Combustion Residues
CFA was obtained from the Red Hills Coal Power Plant in Ackerman, MS, where
lignite is burned in a circulating fluidized bed. The CFA (Tables 3.1 and 3.2) does not
meet ASTM criteria for Class C fly ash (Table 3.1) because Red Hills injects lime into
the combustion process to control sulfur emissions, consequently it cannot be used in
structural concrete. IBA (Table 3.3) was provided by American Ash Recycling in York,
PA.
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Table 3.1
Red Hills Coal Fly Ash Comparison to ASTM C 618
Parameter
Sum (SiO2, Al2O3, Fe2O3) %
SO3, %
Moisture, %
LOI (Loss On Ignition), %
Fineness (<45μm), %
Water requirement, %
Expansion/contraction on autoclaving, %
Strength activity index, 7 d, % a

Class C
>50
<5
<3
<6
<34
<105
<0.8
>75%

Class F
>70
<5
<3
<6
<34
<105
<0.8
>75%

Red Hills CFA
70.82
4.84
0.25
0.63
30.62
112
0.03
90%

>75%

>75%

96%

Strength activity index, 28 d, % a

Source: ASTM, 2007; Headwaters Resources, Inc., 2006.
a
Strength activity index, the ratio of the compressive strength of a concrete prepared
using 80% Portland cement and 20% ash to the compressive strength of a concrete
containing 100% Portland cement after the specified period of time.

Table 3.2
Oxide Analysis of Red Hills Coal Fly Ash
Component a
SiO2
Al2O3
Fe2O3
Sum (SiO2, Al2O3, Fe2O3)
TiO2
P2O5
CaO
MgO
Na2O
K2O
SO3
BaO
SrO
Total
LOI (Loss On Ignition)

% (w/w)
46.41
20.7
1.01
68.12
0.9
1.13
19.52
2.89
0.21
1.13
4.06
0.307
0.253
98.52
1.06

Source: Electron Microscope Center, Mississippi State.
a
Oxide fractions determined by X-ray fluorescence.
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Table 3.3
Oxide Analysis of Incinerator Bottom Ash
Component a
SiO2
Al2O3
Fe2O3
Sum (SiO2, Al2O3, Fe2O3)
TiO2
P2O5
CaO
MgO
Na2O
K2O
SO3
BaO
SrO
Total
LOI (Loss On Ignition)

% (w/w)
29.77
10.87
9.40
50.04
0.96
0.80
14.94
1.70
2.71
1.20
1.67
0.07
0.03
74.12
25.62

Source: Electron Microscope Center, Mississippi State.
a
Oxide fractions determined by X-ray fluorescence.

Preparation of Composite Test Pieces
Composite performance was evaluated based on 28-d compressive strength, 28-d
flexural strength, wet-dry durability, and freeze-thaw durability. For each test, three (3)
test pieces were prepared for each composite formulation. Composites were prepared by
combining the dry ingredients (Class I Portland cement, CFA and/or IBA) in the desired
quantities, then adding sufficient water produce workable slurry (slump ~ 2 inches); this
was equivalent to 40%, 70%, and 0%, respectively, of the cement, CFA, and IBA by
weight. Structural fiber made from plastic and fiberglass was also added to the
composites at the recommended level of 0.75 lb/yd3, to enhance flexural strength and
durability. The composite slurry was poured into the appropriate molds to produce either
37

2-in cubes or 20-in by 3.5-in by 1.5-in beams (Figure 3.1). The molds were then covered
for one week during initial setting/curing to prevent surfaces from drying, and then the
test pieces were removed from the molds and allowed to air dry at room temperature
(72°F/22°C) at 50% humidity for three weeks prior to testing. This curing method is
slightly in variance with ASTM specifications, but was chosen to better simulate field
conditions in which the composites would likely be deployed.
In accordance with ASTM C 109 – 05, Standard Test Method for Compressive
Strength of Hydraulic Cement Mortars (Using 2-in. or 50-mm cube Specimens) (ASTM,
2007), compressive strength tests were performed by subjecting test cubes to progressive
loading until failure (Figure 3.2). Flexural strength was measured using ASTM C 78 02, Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with
Two-Point Loading) (ASTM, 2007), where a concrete beam is subjected to an
incrementally increasing flexural load until failure (Figure 3.3). The load at which
flexural failure occurs provides an experimental value for the modulus of rupture (MR).
Assessment of Composite Durability
The wet-dry test protocol varied from ASTM D 4843-86 (Standard Test Method
for Wetting and Drying Test of Solid Wastes) (ASTM, 1994). The standard calls for test
cubes to be immersed 24 h, then dried 24 h at 140 °F for 12 cycles, with the loss of mass,
from which a durability factor is determined, recorded after each cycle. When tested in
accordance with the standards, the test cubes did not exhibit any measurable response
after 5 cycles, consequently the dry cycle temperature was increased to 212°F (100°C)
and the number of total cycles (including the initial 5) increased to 20. Consequently, the
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protocol adopted subjected the test pieces to conditions more severe than the standard,
and should provide a conservative assessment of the wet-dry durability of the composites.
Test cubes that remained intact were considered to have passed the wet-dry test.
Resistance to freezing and thawing was evaluated in accordance with ASTM C
666 - 03 (ASTM, 2007). Sample cubes were immersed 24 h in a 40 °F/4 °C water bath,
then frozen 24 h at ~ 4 °F (-16 °C); test cubes that remained intact after 20 freeze-thaw
cycles were considered to have passed the test. Intact test cubes were also subjected to
the compressive strength test to determine if repeated freezing and thawing resulted in
any degradation in strength (Scheetz & Silsbee, 1997). Test cubes were considered to
pass the strength component of the freeze-thaw test if their compressive strength was
within the 95% confidence interval of the composite’s 28-d compressive strength.
Assessment of Composite Stability
IBA, CFA and composite test cubes were subjected to the Toxicity Characteristic
Leaching Procedure (TCLP), Method 1311 (EPA, 1996). Samples were immersed in an
acetic acid medium (pH 4.9) for 18 h, and the extract analyzed for toxic metal
constituents listed in 40 CFR 261C (EPA, 2003).

Data Analysis
Statistical analysis of the test results was performed using ANOVA and Fisher’s
Least Significant Difference with the aid of MINITAB (MINITAB Inc., State College,
PA).
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Figure 3.1 Photo of sample beams used in the flexural strength tests

Figure 3.2 Photo of hydraulic loading machine used for compressive strength test
with sample cube
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Figure 3.3 Photo of hydraulic loading machine for flexural strength test.

Results and Discussion
This study was limited to CFA and IBA as those two waste streams represent a
sizeable fraction of unused combustion residues. Both the CFA and IBA used here are
not suitable for use in structural concrete. The CFA, as a consequence of lime injection
to mitigate SOX emissions, contains a high fraction of CaO, which can lead to excessive
expansion and cracking. As a growing number of coal-fired power plants employ lime
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injection for flue gas desulfurization, the quantity of CFA that is not suitable for
structural concrete will continue to increase. The IBA likewise has a high CaO content,
and in addition has a high loss on ignition (LOI) value, indicative of a high fraction of
carbon, which reduce can the strength of concrete. Chemical interactions of cement with
IBA are less significant than with CFA, however, due to the difference in particle size:
CFA, which is in the form of a fine powder, has a much larger surface area and a higher
potential to react chemically than IBA, which resembles medium-sized aggregate. IFA
was not included in this study even though a substantial volume is available, for a number
of reasons. IFA tends to contain a much higher concentration of toxic metals than IBA,
hence is more often considered a hazardous waste. IFA also has a high CaO content, and
with a particle size resembling that of CFA, is much more likely than IBA to react with
Portland cement.
The cement-ash ratios used in the composites were selected to ensure that the cost
of the composites was equal to or less than the cost of ash disposal. Landfill tipping fees
vary greatly, with an average slightly over $35/ton nationwide (NSWMA, 2004). CFA
that cannot be used by the concrete industry, however, can cost up to $40/ton to dispose
of (ACAA, 2003). Cement prices, on the other hand, average about $90/ton and are
rising (Ray, 2004). Hence, based on a cement cost of $100/ton and a landfill tipping fee
of $40/ton, composites containing a 4:10 or lower ratio of cement to ash were prepared.
In practice, CFA should be viewed as a cement substitute and IBA as an aggregate
substitute. However, in developing the composite formulations, both CFA and IBA were
viewed as aggregates which simply offset the cost of the cement used. The cost of
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structural fiber, when added at the recommended level, amounted to about $1.50/ yd3 or
<$1.00/ton of concrete, which was considered negligible compared to the cost of Portland
cement.
Composites were prepared based on water requirements of 70% for CFA, 40% for
cement, and 0% for IBA. CFA requires more water than cement because it is more
absorptive, while IBA is non-absorptive and does not require additional water. ASTM C
109 - 05 calls for the cubes to be moist cured until tested. While this would improve the
test results, it is not representative of conditions under which the composites would likely
be utilized thus not critical for this study. In practice, pre-cast units would likely be
remain in their mold for a week then transported for on-site installation and deployment.
Composite poured in-place would likely remain covered for one week or less. The
compressive strength developed by air-cured concrete is lower compared to moist-cured
concrete (Figure 3.4), so the results of this study tend to reflect conservative estimates of
the compressive and flexural strength of the composites tested.

Composite Strength
The 28-d compressive strength of the composites tested were substantially lower
than concrete made from Portland cement alone (Table 3.4). In general, composites
containing a higher fraction of Portland cement also had a higher compressive strength
(CP4 vs. CP2), although the degradation in compressive strength appeared more severe
with IBA than with CFA (CP4 vs. CIP4 vs. IP4). The poor performance of IBA
compared to CFA in the compressive strength test is not surprising given that it has less
cementitious properties and much higher carbon content.
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Figure 3.4 Moist Curing vs. Air Drying. Source: Kosmatka & Panarese, 1988

Table 3.4
Compressive and Flexural Strength of Composites Containing Cement, CFA and/or IBA

a
b

Code

COMPOSITION a

28 DAY
COMPRESSIVE
STRENGTH (psi) b

28 DAY
MODULUS OF
RUPTURE (psi) b

28 DAY MODULUS
OF RUPTURE
(Predicted Value)

C
CP2
CP4
CIP2
CIP4
IP4
P

1:0:0
10:0:2
10:0:4
5:5:2
5:5:4
0:10:4
0:0:1

620 + 88
1,950 + 80 A
3,500 + 92
1,890 + 31 A B
2,000 + 60 A
1,800 + 37 B
5,125 + 15

Not tested
210 + 18 A
235 + 11 A
315 + 18
370 + 21
470 + 11
Not Tested

186.7
331.2
443.7
326.1
335.4
318.2
536.9

CFA;IBA:Portland cement ratio.
Mean + standard deviation. Strength measurements in the same column bearing the
same upper-case superscript do not differ significantly ( = 0.05).
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The modulus of rupture (Table 3.4) was likewise higher in composites containing
a larger amount of Portland cement, although the difference was relatively small (CIP4
vs. CIP2) or statistically insignificant (CP4 vs. CP2). CFA appears to degrade flexural
strength to a greater extent than IBA (CP4 vs. CIP4 vs. IP4). This may be due to the
different water requirements of the combustion residues. Whereas IBA requires no
additional water during preparation of the composite slurry, CFA has a higher water
requirement than Portland cement. Composites incorporating IBA, consequently, had a
much lower moisture content than those that used only CFA in combination with cement,
so that the effect of IBA amendment on composite flexural strength was less than that of
CFA. Flexural strength was not determined for test beams made from composites P and
C. The structural fibers incorporated into the composites prevented immediate collapse
of the test beams even after complete flexural failure (Figure 3.5 & 3.6). This may
important if these composites are used in applications where no reinforcement is
embedded in the concrete.
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Crack

Figure 3.5 A beam that has failed (the crack runs top to bottom) but not collapsed

Structural Fiber

Figure 3.6 Structural fibers in a composite beam
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The compressive strength and the modulus of rupture can be correlated by
(Mindess, et al., 2003):
MR = k·(fc)

½

(3.1)

where MR is the modulus of rupture (psi), fc is the compressive strength (psi) and k is a
½

constant. For design purposes, a recommended value for k is 7.5 (psi) in customary
½

U.S. units, or 0.6 (MPa) in SI units. A graph of equation 3.1 and the observed
composite strength (Figure 3.7) indicates that IP4 had an MR value higher than would be
predicted based on fc, while composites CP2 and CP4 had lower than predicted MR
values; for composites that contained CFA and IBA in equal amounts, the predicted
correlation was within (CIP2) or very close to (CIP4) the 95% confidence of the observed
values. This behavior is fairly unusual and even anomalous: flexural loads represent a
combination of compressive and tensile stresses, and tensile and flexural strength usually
increase with compressive strength. The reason these composites did not follow that
norm is not fully understood. CFA has more cementitious and pozzolanic properties,
which enhance compressive strength, compared to IBA. IBA has a much higher content
of carbon, which hinders strength development. The curing method may also have had
some impact on this behavior: concrete beams allowed to air dry for a short period prior
testing exhibit a sharp drop in flexural strength due to non-visible cracking (ASTM,
1978). Since the CFA requires much more water than IBA (Table 3.6), composites
incorporating CFA might have been more susceptible to cracking during the 3-week air
drying phase. In general, the higher the water content of concrete, the greater its
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susceptibility to cracking, especially near the surface, due to drying-related shrinkage
over time. Hence it is possible that the poorer performance in flexure of composites
containing CFA was due to their more extensive development of non-visible cracks
during the drying and curing process.

Composite Durability
The wet-dry durability tests (Table 3.5, Figure 3.8) produced different degrees of
surface cracking on the test cubes, with the most extensive cracking on CP4, an
intermediate amount on composites with both CFA and IBA, and almost no cracking on
IP4. After completing 5 cycles of immersion and drying at 140 °F in accordance with
ASTM D 4843-86 (ASTM, 2007), the loss in mass in any of the composites was not
measurable (< 0.1 g) and there was no visible cracking. The protocol was consequently
modified so that the test cubes were exposed to a further 15 cycles, with drying
performed at 212 °F. The modified protocol therefore provided a more severe test of the
durability of the composites. The higher susceptibility to cracking of composites
containing CFA may be due to their higher moisture content as this water was removed
by the drying cycles during the test, and may also reflect the expansion of non-visible
cracks that developed during air-drying of the composites. Freeze-thaw durability test
results (Table 3.5) indicated that composite integrity and compressive strength were not
adversely affected by multiple freeze-thaw cycles.
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Table 3.5
Results of durability tests on composite test cubes
COMPOSITE
CP2
CP4
CIP2
CIP4
IP4

FREEZE-THAW TEST
Physical integrity
Compressive strength
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass

Modulus of Rupture (psi)

500

WET-DRY TEST
Physical integrity
Pass
Pass
Pass
Pass
Pass

IP4

400

CIP4

300

CIP2
CP4

200

CP2

100

MR = k(fc)½

0
0

500

1000

1500

2000

2500

3000

3500

Compressive Strength (psi)

Figure 3.7 Predicted and observed correlation between compressive strength and
modulus of rupture
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4000

Table 3.6
Volumetric composition of composites
COMPOSITE Water Cement
CP2
CP4
CIP2
CIP4
IP4

50.9%
51.1%
34.9%
37.1%
15.1%

4.1%
7.6%
5.2%
9.3%
12.2%

CFA

IBA

45%
0%
41.3%
0%
28.2% 31.7%
25.2% 28.4%
0%
72.7%

Modulus of
Rupture
210 psi
235 psi
315 psi
370 psi
470 psi

Compressive
Strength
1,950 psi
3,500 psi
1,890 psi
2,000 psi
1,800 psi

Figure 3.8 Test cubes (2-in) of composites (left to right) IP4, CIP4, and CP4 after the
modified wet-dry test

Composite Stability
Since CFA and IBA are waste materials, it is necessary to address potential
environmental hazards arising from their use in concrete composites. IBA could be
classified as a hazardous waste if does not meet TCLP criteria specified in 40 CFR 261C
(EPA, 2006). CFA, on the other hand, is normally not regarded as a waste material if it is
sold as a commodity, but can be depending on how it is disposed of. Consequently, the
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IBA, CFA, and the composites CP2, IP4 and CIP2 were subjected to the TCLP test.
Composites CP4 and CIP4 were not tested since they contain a smaller amount of ash
compared to CP2 and CIP2, respectively, and should present a lower potential for
leaching hazardous contaminants. The analysis of leachate constituents was limited to
inorganic contaminants, i.e. toxic metals, listed in 40 CFR 261C (EPA, 2006). Since coal
and MSW combustion occur at temperatures much greater than 550oC, any organic
constituents should be volatilized, leaving an ash that is entirely inorganic in nature
Leachate analysis (Table 3.7) indicated that the raw residues and the composites
prepared from them did not yield extractable toxic metals at levels exceeding regulatory
limits, and would therefore not be classified as hazardous waste. Comparison of the
leachates derived from the combustion residues to those from the composites indicated
that cement exerted some sequestering action on at least some of the toxic metal
constituents of the combustion residues, although in the case of Se the cement appears to
have had the opposite effect. Admixture with cement has, in fact, been used as a method
for stabilizing and immobilizing a number of different hazardous wastes, including
combustion residues (PCA, 2007). Nevertheless, any waste used in cement-based
composites should be tested to ensure that it does not pose an environmental hazard.
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Table 3.7
TCLP Results for CFA, IBA, and Cement-Ash Composites
Analyte
(mg/L) a
Ag
As
Ba
Cd
Cr
Hg
Pb
Se
a
b

IBA

CFA

IP4

CP2

CIP2

0.0118+
0.00043
Not
detected
0.462+
0.0022
0.569+
0.0027
0.0135+
0.0013
0.0159+
0.013
1.068+
0.0092
0.542+
0.034

0.0139+
0.0005
Not
detected
0.611+
0.0044
0.00118+
0.00035
0.122+
0.00035
0.0991+
0.0065
0.0647+
0.0036
0.145+
0.014

0.0105+
0.00085
Not
detected
0.431+
0.0026
0.00438+
0.0006
0.0592+
0.0011
0.0297+
0.0078
0.0651+
0.005
0.471+
0.048

0.0106+
0.001
Not
detected
0.369+
0.0046
0.00512+
0.00072
0.0891+
0.0018
0.0246+
0.0063
0.0777+
0.0029
0.605+
0.051

0.0115+
0.0012
Not
detected
0.349+
0.0021
0.00766+
0.00073
0.0592+
0.0011
0.0209+
0.0049
0.0741+
0.005
0.610+
0.045

Maximum
Allowable b
5.0
5.0
100.0
1.0
5.0
0.2
5.0
1.0

Mean + standard deviation of three replicates.
Source: EPA, 2006.

Summary
Composites using any amount of IBA, CFA, or other waste products will be lower
in cost than conventional concrete and could help reduce landfill requirements.
Composites tested in this study demonstrate the potential to produce a concrete composite
that costs less than landfill disposal, but could nevertheless be usable. Application of
such composites should probably be restricted to non-critical, non-load bearing
applications, e.g. sidewalks, Jersey barriers, and landscaping blocks. Local code
requirements often require, however, that even sidewalks and Jersey barriers use concrete
with compressive strength > 3,000 psi, so, additional testing would be necessary to
determine the precise composite formulation required to attain that level of strength.
Composites incorporating any amount of IBA, CFA, or other waste products should be
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tested to ensure that they would not be considered hazardous waste, nor would pose an
environmental hazard.
Coal bottom ash (CBA) which was not used in the composites tested could be
used as an aggregate or perhaps as a buffer between sidewalks and supporting soil. CBA
has properties similar to large grain sand and has no environmental hazards associated
with it. In fact, some advocate its use for the removal of pollutants from wastewaters
(Lin and Yang, 2002).
In many cases IBA might be preferred over CFA as a composite component,
despite the higher compressive strength provided by CFA, because the IBA could provide
greater flexural strength and durability. The carbon content of IBA appeared to reduce
the compressive strength of resulting composites, while the high water requirement of
CFA seemed responsible for reduced flexural strength due to greater susceptibility to
cracking.
Nevertheless, all composites tested seem to have enough strength and durability to
potentially serve as building materials in non-critical, non-load bearing applications,
although their relatively low strength suggests that their use be restricted to functions
where failure does not result in a major catastrophe or require a large amount of work for
replacement or repair.
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CHAPTER IV
A PROPOSED WALKWAY SYSTEM CONSTRUCTED FROM SELECTED
COMBUSTION RESIDUES

Abstract
This study examines the need for sidewalks and guardrails on U.S. roadways. It
is proposed in this study to construct sidewalks and guardrails (Jersey barriers) using
large quantities of waste products in the concrete. This should lower the cost of the
material and save landfill space. The two waste products examined are municipal solid
waste incinerator bottom ash (IBA) and coal fly ash (CFA).
An alternative to sidewalks and Jersey barriers presented in this study is termed
Lanwalks. A Lanwalk is an elevated sidewalk made of precast units which serves as a
sidewalk and potentially a guardrail. The advantage of Lanwalks is that they can be
easily installed and relocated if necessary. Lanwalks require roughly the same amount of
material per linear foot as a combination of Jersey barriers and sidewalks.

Introduction
Sidewalks are commonly found in cities and subdivisions, but not on highways
and rural roads. Of the approximately 4 million miles of roads in the United States, about
75% of are located outside cities or subdivisions (U.S. Census Bureau and U.S.
Department of Commerce, 2000). As a result approximately 3 million miles of road do
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not utilize sidewalks. Thus, many people who would like to commute by walking do
not, because they do not feel comfortable or safe on the shoulder or edge of the road.
One problem with typical sidewalks is that on many roads there is insufficient
room for a sidewalk between the shoulder and drainage ditch, or the ground slope may be
so steep that placement of a conventional sidewalk on these roads would require a
substantial amount of earthwork. In addition, if the road ever needs to be widened, then
the sidewalk must be removed. Figure 4.1 shows some typical rural highways where
typical sidewalks would require a great deal of work to install.

Figure 4.1 Photos of Typical Rural Highways with No Room for Sidewalk
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Figure 4.1 Photos of Typical Rural Highways with No Room for Sidewalk (continued)

A proposed solution to this problem is termed a Lanwalk. A Lanwalk is an
elevated sidewalk made of precast units. There are two types of precast units in a
Lanwalk, the deck plate and the support block. Deck plates and support blocks interlock
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to form an elevated sidewalk and a guardrail for vehicles. The deck plate is not attached
to the support block, but is simply held in place by own weight after it is placed on the
support blocks. The support block can be placed in a ditch without interfering with the
flow of water. Placement of a Lanwalk could progress more easily and quickly than a
conventional sidewalk. In addition, if the road ever needs to be widened, a Lanwalk can
be taken out and re-located.

Lanwalk Component Design Considerations
A sketch of a Lanwalk in a typical scenario is shown in Figure 4.2. The
pedestrians would be better protected from vehicles on a Lanwalk than a sidewalk due to
the Lanwalk’s elevation. In many cases a Lanwalk would require a handrail on the side
furthest from the road. The International Building Code (IBC) requires handrails when
walking surfaces are located more than 30-in above a floor or grade; however, some
exceptions are given for loading docks and for stages as in auditoriums (International
Code Council, 2006). No handrail is shown in Figure 4.2; whether one would be required
depends on the slope of the land. The lowest portion of the deck plate should be about 3in off the ground on the side nearest the road to permit runoff water to flow under it and
into the ditch. Since the deck plate is 24-in high, a Lanwalk’s elevation is about 27-in
from the ground on the side nearest the road, and no handrail would be required. The
elevation of the side furthest from the road would vary depending on the slope of the
land. In many cases the side furthest from the road would be greater than 30-in above
grade and therefore, handrails would be required on that side unless an exception was
written into the code.
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Lanwalk

Highway

Shoulder

Figure 4.2 Lanwalk Sketch on Typical Two-Lane Road

Mechanical drawings of Lanwalk components are shown in Figure 4.3 and 4.4.
The support block is only 46-in wide, and the deck plate allows for 48-in, giving 2-in of
clearance. The clearance will allow the Lanwalk to be placed around curves. The
minimum radius of a curve with a speed limit of 30 mph and a maximum allowed slope
(max) of 10% is 200 ft (AASHTO, 2004). With a 2-in clearance, the Lanwalk could be
placed around curves with a 200 ft radius.
In the side view of a Lanwalk shown in Figure 4.5, it can be seen that the support
blocks are only placed where the deck plates meet. In Figure 4.6 a comparison of a
58

Lanwalk and typical Jersey barrier is shown. The Jersey barrier is 32-in high, but a
typical W-channel guardrail is only 27-in high like the Lanwalk. A typical W-channel
guardrail is shown in Figure 4.7 and 4.8.
The dimensions specified for a Lanwalk in this paper are based on various factors.
The height is based upon typical guardrail requirements found in the U.S. and the width
is based upon typical sidewalks widths. The 6-in thickness of the deck plate and support
block will allow recycled aggregates having up to a 2-in diameter to be used. The span of
the Lanwalk deckplate and thickness of the slab and flanges easily allows the minimum
strength required for pedestrian traffic to be met regardless of which composite in Table
4.1 is used (Appendix B). The requirements for a Lanwalk to meet the criteria as a
vehicle guardrail or crash barrier are very speculative and would require further research
which is beyond the scope of this study.
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Note: Dimensions are in Inches

Top View

Isotropic View

End View

Side View

Figure 4.3 Mechanical Drawing of Typical Support Block
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Figure 4.4 Mechanical Drawing of Typical Deck Plate

Side View

Top View

End View

Note:
Dimensions
are in Inches

Isotropic View

Deck Plate

Street Level
Support Block
Figure 4.5 Lanwalk Side View

32-in high

Deck Plate
27-in high

Jersey Barrier

Lanwalk
Support Block

Figure 4.6 Cross Sectional Comparison of Lanwalk with Typical Jersey Barrier
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27-in high

Figure 4.7 Side View of Typical W-channel Guardrail
Source: FHWA, 2008

Note: Dimensions
are in millimeters

690 mm ~
27-in

Figure 4.8 Cross Sectional View of W-channel Guardrail
Source: FHWA, 2008
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The only reinforcement recommended is the minimum required by the American
Concrete Institute (ACI) for the control of shrinkage and temperature changes in
structural floor and roof slabs. The minimum cross sectional area of Grade 40
reinforcing steel required is given by following equation (ACI 318-95, 1995).
As = pbh

(4.1)

As = minimum cross sectional area of steel required between the chosen spacing
p = constant for Grade 40 or 50 steel = 0.0020
b = spacing between reinforcement (not to exceed 5 times slab thickness or 18-in)
h = thickness of the slab
If 18 in is chosen for the spacing between the rebar then the minimal cross
sectional area every 18 in is equal to (0.0020)(18)(6) = 0.216 in². The reinforcement
chosen to meet the minimum required for the deck plate would be four #4 rebar placed
18-in apart on top and one #4 rebar placed 6-in from the bottom of each flange. All rebar
would run length wise with the deck plate and have typical wire mesh used in sidewalks
wrapped around it as shown in Figure 4.9. Figure 4.10 shows the reinforcement
recommended for the support block. One # 4 rebar is shown centered in each corner with
wire mesh wrapped around the outside of the four reinforcement bars.
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Wire Mesh
#4 Rebar Spaced 18-in

Figure 4.9 Reinforcement for Deck Plate

Wire Mesh
#4 Rebar in
each corner

Figure 4.10 Reinforcement for Support Block
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The reinforcing steel would increase the cost of a Lanwalk. The average cost of
Grade 40 reinforcing steel is about $600 per ton (Stundza, 2007). The weight of the
reinforcing steel in the deck plate and support block in a 15 ft section of Lanwalk
including the wire mesh is about 80 lb. This would cost about $25 which means that
every 15 ft section of Lanwalk would have a steel cost of about $25 or $1.67 per linear
foot, depending on the type of concrete composite used,
On roads where a typical sidewalk could be installed, there might be a need to
install a guardrail or Jersey barrier to protect pedestrians. A combination of Jersey
barrier and sidewalk is shown in Figure 4.11. A cross sectional view of a typical Jersey
barrier is shown in Figure 4.12. If a 5 ft wide, 6-in thick sidewalk is combined with the
Jersey barrier as shown then the quantity of material required per linear foot is roughly
the same as the Lanwalk (Appendix A).
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Highway
Shoulder

Sidewalk

Jersey Barrier
Figure 4.11 Jersey Barrier with Sidewalk
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Figure 4.12 Typical Jersey Barrier Dimensions
Source: FHWA, 2008

Construction of a Lanwalk or a combination of sidewalk and Jersey barrier would
require a tremendous quantity of concrete if placed along 3 million miles of road. The
cost would be quite sizeable with current cement prices approaching $100/ton (Ray,
2004). Because the strength requirements of the concrete used to build a sidewalk or
Lanwalk would be low, there could be an opportunity to use large amounts of waste
products in the concrete mixture. The two waste products examined here are coal fly ash
(CFA) and municipal solid waste incinerator bottom ash (IBA). IBA has very few uses
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and most is landfilled. CFA has several uses, but there is still much more produced than
used.
CFA and IBA are combustion by-products from coal-fired power generation and
municipal waste incineration, respectively. IBA is, to a large extent, landfilled, and with
the nationwide average tipping fee approaching $40/ton (NSWMA, 2004) a concrete
formulation containing 0.4 tons of cement per 1 ton of IBA would be virtually free
assuming that the IBA generator paid the same tipping fee to the concrete plant as to the
landfill.
CFA is often sold for profit, but unused or unsold CFA often has disposal costs
associated with it. To avoid these disposal costs some CFA generators may simply give
away their excess product to avoid these disposal costs that are often between $5 and $20
per ton (ACAA, 2006). This study assumes that the unsold or unused CFA used to build
the proposed walkway system is free. Therefore, another potentially free material is a
formulation containing 0.5 tons of CFA, 0.5 tons of IBA, 0.2 tons of cement. The cost of
the IBA and cement would again offset each other, and the overall cost of the composite
would be equal to the amount paid for the CFA.
The availability of IBA may be limited in areas of the country where municipal
solid waste (MSW) incineration is not practiced extensively. However, CFA is available
nearly everywhere. A low cost, but probably not free, material could be a composite of
0.2 tons of cement for every ton of CFA. These composite blends (Table 4.1), in addition
to their low or virtually non-existent cost may possess the required strength for
fabrication of a sidewalk or a Lanwalk, depending on local code requirements. The IBA
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composite is the most desirable in terms of flexural strength. The compressive strength
is better in the CFA composites. The strength values in Table 4.1 that have the same
letter (t-grouping) are not significantly different as shown in the statistical analysis in
Appendix C.
Table 4.1
Comparison of Composites

a
b

Code

COMPOSITION

CP2
CP4
CIP2
CIP4
IP4

10:0:2
10:0:4
5:5:2
5:5:4
0:10:4

a

28 DAY
COMPRESSIVE
STRENGTH (psi) b

28 DAY
MODULUS OF
RUPTURE (psi) b

1,950 + 80 A
3,500 + 92
1,890 + 31 A B
2,000 + 60 A
1,800 + 37 B

210 + 18 A
235 + 11 A
315 + 18
370 + 21
470 + 11

28 DAY
MODULUS
OF
RUPTURE
(psi)
Predicted
Value
331.2
443.7
326.1
335.4
318.2

CFA;IBA:Portland cement ratio.
Mean + standard deviation. Strength measurements in the same column bearing the
same upper-case superscript do not differ significantly ( = 0.05).

There are other economical combinations of CFA, IBA, and cement that could be
used besides the ones shown here. The combination of ingredients selected will depend
in part on the local availability of the ingredients. In addition, code requirements for
minimum sidewalk or Jersey barrier compressive strength will vary per local ordinances.
In many cases the minimum compressive strength will be 3,000 psi and sometimes
perhaps as high as 4,000 psi. For example, the compressive strength requirement for a
typical Jersey barrier as shown in Figure 4.12 is 3,600 psi (FHWA, 2008). To meet these
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code requirements, composites would likely need higher cement contents than the ones
shown in this chapter.
Typical concrete costs, on average, about $80/yd3 nationwide (Kaine, 2005). This
means that a 15 ft section of Lanwalk or Jersey barrier with sidewalk would cost about
$250 or $17 per linear foot. This is by far the most significant cost in terms of materials
and could be substantially reduced or possibly eliminated by using enough waste
products in the concrete.

Availability of IBA
A sidewalk or Lanwalk would be more economically viable in areas where IBA
can be incorporated into the composite. Currently, however, only 15% of MSW is
incinerated, while 55% is landfilled and 30% is recycled (EPA, 2005). The use of
incineration as a method of MSW disposal is much less popular than landfilling due to
the expense and opposition of some communities to incineration.
The capital costs of a MSW incinerator amount to about $150,000 per ton per day
of incineration capacity (EIA, 2001). This will vary somewhat, dependent on whether the
incinerators generate electricity or have a metal extracting process. Assuming a per
capita MSW generation rate of 5 lb/d and a MSW recycling rate of 30%, a city or area of
1 million would need to dispose of 1,750 ton/d of MSW. An incinerator with sufficient
capacity to incinerate this waste stream would cost about $263 million. Given the current
U.S. population of 300 million, the capital required to install sufficient incineration
capacity to handle all MSW currently landfilled in the U.S. (about 525,000 tons per day)
would be about $80 billion (2001 USD).
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As long as landfill tipping fees are lower than incineration costs, incinerator
plants will have difficulty maintaining a steady flow of MSW, especially if there is a
landfill nearby. In the past, state laws have required garbage collectors to transport the
garbage they collect to a local incineration plant, if there was one in the area. This
ensured that a municipality would eventually recoup its investment in an incineration
plant and that the incinerator would have an adequate throughput of MSW to operate at
optimum conditions. Such laws were invalidated in 1994, however, when the Supreme
Court ruled, in Carbone v. Town of Clarkson, that laws directing where waste should be
processed or disposed of amount to state interference in interstate commerce and hence
are in violation of the Constitution. As a consequence of this ruling, garbage collectors
could take garbage to the facility that offered them the lowest disposal cost, even if it
meant crossing state lines. Since then, no new incinerator plants have been constructed in
the U.S., and several older generation incinerators have been closed; of the 186 MSW
incinerators in 1990, only 112 remained by 2003 (Tangri, 2003).
Incineration of MSW eliminates the possibility of recycling for most materials.
Frequently, however, it is still less expensive to utilize virgin materials rather than
recycled materials. Unless rigorous source separation is practiced, recycling processes
require manpower to separate recyclable material from the waste stream. The recovered
materials must then be processed into a usable form. There are limits to recycling some
materials as they undergo some degradation every time they are recycled. For instance,
the fibers in paper and cardboard become shorter each time they go through the recycling
process, until eventually the paper or cardboard becomes unusable. Paper and cardboard
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constitute the most waste by weight and volume in landfills (EPA, 2006). Incineration
or landfilling is the only disposal option for materials that cannot be recycled. The
recycling rate in the U.S. increased during the 1980s and 90s, reaching 32% of all MSW
in 1999, but is still only 32.5% today in 2008 (EPA, 2008).
There are numerous criteria for closing a landfill and after it is closed it must be
monitored for 30 years. If any monitoring tests fail during that time, the 30 year clock
starts over. So, owning a landfill these days is a lifetime commitment. In addition, the
ever decreasing availability of landfill space will probably lead to fewer landfills in the
future, as shown in Figure 4.13, which will make it necessary to find other alternatives
for disposing of MSW such as incineration or recycling.

Figure 4.13 The Decline in Number of U.S. MSW Landfills
Source: National Solid Wastes Management Association
(NSWMA), 2004

Potential Sources of Funding for Sidewalk or Lanwalk Construction
If sidewalks or Lanwalks could be made from composites of IBA and/or CFA and
cement with a net material cost of zero, construction of a sidewalk or Lanwalk would still
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require some outside funding to pay for assembly. Certain federal agencies such as the
Federal Highway Administration (FHWA), the Environmental Protection Agency (EPA),
the Department of Energy (DOE), and perhaps the Department of Health and Human
Services (HHS) might provide grant money for various reasons.

Federal Highway Administration
One benefit of Lanwalks or Jersey barriers could be a reduction in automobile
accidents and fatalities. Out of 43,000 auto fatalities in 2005, approximately 25,000 were
caused by vehicle departures from the road (FWHA, 2005). Also, if it was safer to walk
to work, then there might be a drop in the volume of automobile traffic, which in turn
would lead to fewer accidents. A Lanwalk or sidewalk would also be beneficial from the
commuter’s standpoint. People living within 5 miles of where they work may have the
option of reducing the number of vehicles in their household, and of reducing their
annual motor vehicle maintenance and operating expenses.
The FHWA and the U.S. Department of Transportation (USDOT) have been
trying to increase the number of trips traveled by walking and bicycling since about 1990,
while at the same time improving safety for those who chose this mode of transportation.
In 2004 the FHWA released the National Bicycling and Walking Study Ten Year Status
Report, which reported on the methods used and failures and successes in attempting to
increase the trips made by walking and bicycling. Chapter 2 of the National Bicycling
and Walking Study Ten Year Status Report, October 2004 (FHWA, 2004) states:
Spending of Federal transportation funds on these two modes of transportation rose from
$6 million in 1990 to $238 million in 1997 to $422 million in 2003. In addition, the
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report stated that FWHA was looking for “opportunities for further collaboration with
the health community (emphasis mine) to promote more active forms of transportation
such as bicycling and walking (FHWA, 2004).” As a result of this effort between 1990
and 2001, the combined number of walking and bicycling trips nearly doubled (FHWA,
2004).

Department of Health and Human Services
Federal expenditures in health care for the general population are principally
through the Department of Health and Human Services (HHS). HHS currently employs
66,121 personnel and has an operating budget of $698 billion per year (HHS, 2007).
“HHS Represents almost a quarter of all federal outlays and it administers more grant
dollars than all other federal agencies combined” (HHS, 2007). Most of the operating
budget of HHS is directed towards Medicaid and Medicare. The costs of providing
Medicaid and Medicare may be indirectly reduced by making it safer to walk along roads
simply due to the health benefits associated with exercise.

Environmental Protection Agency
The EPA is concerned with reducing automobile emissions such as NOX, CO2,
and hydrocarbons. If more people could easily commute via walking, then these
emissions may possibly go down. There could also be a reduction in the number of
automobiles bought and hence disposed of later, which would save landfill space and
natural resources. With today’s technology there is still on average only 80% of a car
that can be recycled (IHS, 2004).
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Department of Energy
In the U.S. there has been effort made to reduce dependence on fossil fuels.
However, many technologies devised to address this issue have encountered some
problems. For example, hybrid vehicles that deliver higher fuel efficiency also have a
higher initial cost than conventional vehicles. Ethanol production requires a large
amount of energy, and critics argue that the energy input to the process is nearly as much
as the energy content of the ethanol produced (Schobert, 2002). Also, ethanol-powered
vehicles get less fuel economy than their conventional counterparts (Schobert, 2002).
The use of food crops as raw material for ethanol production may disrupt food markets,
and the available crop land may be insufficient to support complete gasoline-to-ethanol
conversion in the U.S. The Lanwalk or more conventional sidewalks could provide an
infrastructure that is more pedestrian friendly while providing an easy, safe, and efficient
means to reduce energy consumption.

Potential Sources of Funding for MSW Incinerator Construction
Many communities can not afford to construct MSW incinerators. As individual
communities start reaching their landfill capacity, funding could be provided to construct
MSW incinerators in those areas. Funding might come from certain federal agencies
such as the EPA and DOE.

Environmental Protection Agency
In the 1970s and 80s the EPA Grants Program was established to help get
communities in the country to dispose of their wastewater through wastewater treatment
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plants. The EPA provided grants to communities in the U.S. that could not afford
wastewater treatment plants and were still dumping their wastewater into nearby water
bodies. The EPA Grants Program was successful and eventually all municipal
wastewater in the U.S. was disposed of through wastewater treatment plants. If
landfilling MSW were to be viewed like the disposal methods of wastewater prior to
wastewater treatment plants, then a similar program to the EPA Grants Program might be
instituted to fund the construction of MSW incinerator plants and/or recycling plants.

Department of Energy
The DOE funds research into the development of methods for generating
electricity using renewable resources. MSW is considered a renewable resource.
Therefore, the DOE might fund the construction of MSW incinerator plants that produce
electricity.

Lanwalk Installation for Common Highway Structures
The two most common highway structures that a Lanwalk will encounter are
bridges and intersections. Intersections or other break points will require a transition
block or ramp plate as shown in Figure 4.14 and 4.15. From the top view this piece will
have the same dimensions as a typical deck plate. The ramp plate will provide a
transition from a Lanwalk deckplate elevation to ground level. To make the ramp plates
line up with the edge of the intersecting road, the preceding and/or following deck plate
may have to be shortened in some cases. The height of the ramp plate could also be
adjusted slightly up or down from 24-in to make the transition line up better. Ramp
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plates would be subject to high stress near the tip which will require that they be made
of higher quality concrete. Extra reinforcement may also be necessary. The IBC requires
handrails on at least one side of a ramp if the slope exceeds 1/12 or 8.33% (International
Code Council, 2006). This ramp plate has a slope of about 2/13 or 15%. Therefore, this
ramp plate would require a handrail on one side unless an exception was written into the
code.

Ramp Plate
Intersection or
Other Break Point

Street Level

Figure 4.14 Ramp Plates at Intersection
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Figure 4.15 Mechanical Drawing of Typical Ramp Plate

Side View

Top View

End View

Note:
Dimensions
are in Inches

Isotropic View

Bridges, overpasses, exit ramps, and cloverleaf intersections are among the
common structures that will be encountered by a Lanwalk or sidewalk. Many sites will
require unique solutions, but this section will be confined to solutions for the most
common layouts.
Bridges with a substantial amount of shoulder room could compromise their
shoulder area for pedestrian travel. Bridges without shoulder room are usually shorter
and located in more rural areas where there is less traffic and pedestrians may feel more
comfortable sharing the road with motor vehicles for those short distances.
Exit ramps are another common obstacle that Lanwalks or sidewalks will
encounter. In Figure 4.16 a four-lane divided highway is shown with exit ramps to a twolane highway with an overpass bridge. Ramp plates are placed where the Lanwalk breaks
in order for the pedestrian to traverse across the road or go across the bridge. On the
overpass bridge the two lines added represent jersey barriers which will give the
pedestrian some protection while crossing the bridge.
A cloverleaf intersection with a Lanwalk or sidewalk is shown in Figure 4.17 and
4.18. This probably represents the most complicated scenario that will be encountered by
a Lanwalk or sidewalk. The solution shows that pedestrians must go around the heart of
the intersection in order to cross on a pedestrian bridge. This is necessary due to the high
traffic loads that cloverleaf intersections usually handle.
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Break
Point to
Allow
Hwy
Crossing

TwoLane
Hwy
Overpass

FourLane
Divided
Hwy

Lanwalk or
Sidewalk

Figure 4.16 Lanwalk or Sidewalk on Four-Lane Divided Highway Exits
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Lanwalk or
Sidewalk

Pedestrian
Bridge
Figure 4.17 Cloverleaf Intersection with Lanwalk or Sidewalk
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Lanwalk or
Sidewalk

Pedestrian
Bridge

Figure 4.18 Cloverleaf Intersection Up Close

Pedestrian bridges will add some cost to the overall project. However, the
Department of Transportation could have an additional use for them. The bridges in
Figure 4.19 have the advantage of being able to hold overhead signs which are usually
needed at cloverleaf intersections. This makes sign repair and replacement easier which
may lead to highway departments choosing this method of sign display in the future. The
bridge with the spiral ramp is wheel chair accessible.
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Figure 4.19 Photos of Pedestrian Bridges
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Summary
Based on the structural performance of the composites and the strength
requirements of Lanwalk or sidewalk construction, all the composites shown in this paper
would serve the purpose of a building material for Lanwalks or sidewalks. However,
local building code requirements often require sidewalks to have a minimum compressive
strength of 3,000 – 4,000 psi. More cement would likely be needed for the composites to
achieve this strength level.
MSW that is currently landfilled could be incinerated and all the IBA produced
could be used in Lanwalks or sidewalks if the production rate of the Lanwalks or
sidewalks is fast enough. This would greatly reduce the need for landfills for a long
period of time. If a Lanwalk or sidewalk unit should fail and need to be replaced, the unit
could be ground into small aggregate particles and reused in future material.
Currently, the most economical disposal method for MSW is landfilling. The
second most economical disposal method is incineration. Recycling is least economical,
unless the MSW stream contains enough valuable material. This hierarchy may change
as raw materials and landfill space become scarcer.
If Lanwalks or more sidewalks were built, the cost savings for individuals would
greatly depend on the amount of use and individual decisions. The cost of owning a
vehicle roughly equals about $6,500 per year (Bureau of Transportation Statistics, 2005).
With a more pedestrian friendly highway system, people could move closer to work and
possibly not need as many vehicles or not need to use their vehicles as frequently.
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There are many barriers to Lanwalks or sidewalks being constructed on a
nationwide level such as cost and governmental approval. More MSW incinerators are
not necessarily required to have a cost-free material using IBA and cement. There are
other waste products to consider if no IBA is available. If Lanwalks or sidewalks were
built with or without the use of IBA and/or CFA, there could be an enormous payoff in
terms of lives saved, natural resources conserved, and overall quality of life
improvement.
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CHAPTER V
CONCLUSION

In this thesis, Type I Portland cement was mixed with incinerator bottom ash
(IBA) and/or coal fly ash (CFA) at various ratios. Strength, durability, and stability tests
were performed on the various composites. It was assumed that IBA generators would
pay the same tipping fee to a concrete plant as to a landfill. It was also assumed that
excess CFA generated from coal-fired power plants would either be treated the same or at
least given away freely to avoid disposal costs. The composite formulations were limited
to those where the net cost of the material was at or close to zero.
A tipping fee of $40 per ton for the IBA and a cost of $100 per ton for Type I
Portland cement were used for calculating economic ratios of ash to cement. Potentially,
a cost free material could be made from a formulation containing 10 units of IBA for
every 4 units of cement (IP4). CFA has several other disposal options aside from
landfilling, so disposal costs of CFA are often less than IBA. Therefore, a composite
containing 10 units of CFA for every 2 units of cement (CP2) was made along with
composites containing 4 units of cement (CP4). CFA and IBA were combined with
cement into ratios of 5 units of CFA for every 5 units of IBA for every 2 units of cement
(CIP2) and 4 units of cement (CIP4).
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CFA composites had higher compressive strength values then IBA composites
but were weaker in flexural strength and more susceptible to cracking. Composites using
a combination of IBA and CFA had results that fell in between that of the IBA and CFA
only composites. The high carbon content (~25%) of IBA likely lowered the
compressive strength of those composites while the high water requirement of CFA made
composites more vulnerable to surface cracking when allowed to air dry which caused
lower flexural strength.
TCLP tests indicated that the combustion residues and the composites made from
them do not pose a potential environmental hazard. If using IBA in a concrete mix it
should be tested periodically ensure it is non-hazardous. If hazardous waste material is
accidentally used then the entire composite could be considered hazardous and make
future disposal much more difficult.
The strength and durability of the composites tested was lower than conventional
concrete, but may potentially serve as building material for Lanwalks or ordinary
sidewalks. However, cement contents in the composites may have to be raised to meet
local building code requirements for minimum compressive strength values of sidewalks.
The main barrier to the construction of Lanwalks or more sidewalks would likely
be installation cost and government approval. Funding for this project might come from
certain government agencies such as the EPA, FHWA, DOE, and perhaps HHS. The
EPA and DOE might fund this project because Lanwalks or more sidewalks could lead to
less fossil fuel use. The FHWA might fund this project because Lanwalks or more
guardrails could make roads safer. A more pedestrian friendly infrastructure could lower
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the costs of Medicare and Medicaid covered by HHS because of the health benefits
associated with the increased exercise levels of those using Lanwalks or sidewalks.
Composites using any amount of IBA or CFA will be lower in cost than
conventional concrete and save landfill space. The composites tested in this study show
that a potential free and usable material could be made. This would provide a means for
beneficial reuse of the combustion residues and reduce the requirements for landfilling.
Lanwalks or sidewalks with adequate protection (i.e. Jersey barriers) could provide a safe
walkway for pedestrians while potentially serving as a guardrail for vehicles which could
result in an enormous payoff in terms of lives saved, natural resources conserved, and
overall quality of life improvement.
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VOLUME AND WEIGHT PERCENTAGES IN EACH COMPOSITE
Material and calculation inputs:
A.
B.
C.
D.
E.
F.

Air is ignored.
IBA = 80 pcf
CFA = 90 pcf
Cement = 196 pcf
Water = 62.4 pcf.
0%, 70%, and 40% water content for the IBA, CFA, and cement, respectively

CFA Composite (CP2)
1. Assume 10 lbs of CFA. This means 2 lbs of cement is needed and 7 lbs of water
is needed for the CFA and 0.8 lbs of water is needed for the cement. Therefore
the total weight is 19.8 lb.
2. 10 lbs of CFA = 0.1111 cf, 2 lbs of cement = 0.0102 cf, and 7.8 lbs of water =
0.125 cf. Therefore, the total volume is 0.2463 cf.
3. The unit weight of the composite is 19.8 lb/0.2463 cf = 80.4 pcf.
4. The percentage by volume of the cement is 0.0102/0.2463 = .0414 or 4.14%
5. The percentage by volume of the CFA is 0.1111/0.2463 = 0.45 = 45%.
6. The percentage by volume of the water is 0.125/0.2463 = 50.9%.

Cement,
4.10%

Water,
50.90%

CFA,
45%

IBA, 0%
Figure A.1 CP2 Volumetric Pie Chart
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CFA Composite (CP4)
1. Assume 10 lbs of CFA. This means 4 lbs of cement is needed and 7 lbs of water is
needed for the CFA and 1.6 lbs of water is needed for the cement. Therefore the
total weight is 22.6 lb.
2. 10 lbs of CFA = 0.1111 cf, 2 lbs of cement = 0.0204 cf, and 8.6 lbs of water =
0.1378 cf. Therefore, the total volume is 0.2693 cf.
3. The unit weight of the composite is 22.6 lb/0.2693 cf = 83.9 pcf.
4. The percentage by volume of the cement is 0.0204/0.2693 = .0758 or 7.58%
5. The percentage by volume of the CFA is 0.1111/0.2693 = 0.413 = 41.3%.
6. The percentage by volume of the water is 0.1378/0.2693 = 0.511 = 51.1%.

Cement,
7.60%

Water,
51.10%

CFA,
41.30%

IBA, 0%
Figure A.2 CP4 Volumetric Pie Chart

IBA Composite (IP4)
1. Assume 10 lbs of IBA. This means 4 lbs of cement and 1.6 lbs of water is needed.
Therefore, the total weight = 15.6 lbs.
2. 10 lbs of IBA = 0.125 cf, 4 lbs of cement = 0.021 cf, and 1.6 lbs of water = 0.026 cf.
Therefore, the total volume = 0.172 cf.
3. The unit weight of the composite is 15.6 lbs/0.2463 cf = 90.7 pcf.
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4. The percentage by volume of the cement is 0.021/0.172 = 0.122 or 12.2%.
5. The percentage by volume of the IBA is 0.125/0.172 = 0.727 or 72.7%.
6. The percentage by volume of the water is 0.026/0.172 = 0.151 or 15.1%.

Cement,
12.20%

Water,
15.10%

CFA, 0%

IBA,
72.70%
Figure A.3 IP4 Volumetric Pie Chart

IBA-CFA Composite (CIP2)
1. Assume 5 lbs of IBA and 5 lbs of CFA and 2 lbs of cement. This means 3.5 lbs of
water will be needed for the CFA and 0.8 lbs of water will be needed for the cement.
2. 5 lbs of IBA = 0.0625 cf, 5 lbs of CFA = 0.0555 cf, 2 lbs of cement = 0.0102 cf, and
4.3 lbs of water = 0.0689 cf. Therefore, the total volume = 0.197 cf.
3. The unit weight of the composite = 16.3 lbs/0.197 cf = 82.7 pcf
4. The percentage by volume of cement is 0.0102/0.197 = 0.0518 or 5.2%
5. The percentage of IBA by volume = 0.0625/0.197 = 0.317 = 31.7%.
6. The percentage of CFA by volume = 0.0555/0.197 = 0.282 or 28.2%.
7. The percentage of water by volume = 0.0689/0.197 = 0.350 or 34.9%.
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Cement,
5.20%
Water,
34.90%

CFA,
28.20%

IBA,
31.70%
Figure A.4 CIP2 Volumetric Pie Chart

IBA-CFA Composite (CIP4)
1. Assume 5 lbs of IBA and 5 lbs of CFA and 4 lbs of cement. This means 3.5 lbs of
water will be needed for the CFA and 1.6 lbs of water will be needed for the cement.
2. 5 lbs of IBA = 0.0625 cf, 5 lbs of CFA = 0.0555 cf, 4 lbs of cement = 0.0204 cf, and
5.1 lbs of water = 0.0817 cf. Therefore, the total volume = 0.220 cf.
3. The unit weight of the composite = 19.1 lbs/0.220 cf = 86.8 pcf
4. The percentage by volume of cement is 0.0204/0.220 = 0.0927 or 9.3%
5. The percentage of IBA by volume = 0.0625/0.220 = 0.2841 = 28.4%.
6. The percentage of CFA by volume = 0.0555/0.220 = 0.2523 or 25.2%.
7. The percentage of water by volume = 0.0817/0.220 = 0.3714 or 37.1%.
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Cement,
9.30%
Water,
37.10%

CFA,
25.20%

IBA,
28.40%

Figure A.5 CIP4 Volumetric Pie Chart

VOLUME OF 15 FOOT LANWALK SECTION
1. SUPPORT BLOCK: (36” · 46” · 60”) – (36” · 34” · 48”) = 40,608 in³ = 23.5 cf
2. DECK PLATE: 2 · (6” · 24” · 180”) + (48” · 6” · 180”) = 103,680 in³ = 60 cf
3. TOTAL VOLUME PER 15 FOOT SECTION = 23.5 cf + 60 cf = 83.5 cf.

VOLUME OF 15 FOOT SECTION OF JERSEY BARRIER AND SIDEWALK
1. 32-INCH HIGH JERSEY BARRIER: Cross Sectional Area = 458 in²; Therefore,
volume of 15 foot section = 82,440 in³ = 47.71 cf
2. 5-FOOT WIDE SIDEWALK (6-INCHES THICK): Cross Sectional Area = 360 in³;
Therefore, volume of 15 foot section = 64,800 in³ = 37.5 cf
3. TOTAL VOLUME PER 15 FOOT SECTION = 47.71 cf + 37.5 cf = 85.2 cf
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Maximum Point Load for Deck Plate of Each Composite
Flexural bending is intuitively the most likely mode of failure in the deckplate as
shown below. To figure out the maximum point load that the deck plate can support, it is
necessary to figure out the maximum bending moment that the deck plate can take. To
do this the moment of inertia, I, must be calculated. Recall the cross section of the deck
plate.

Area 1 = 144 in²

Area 2 = 288 in²

Area 3 = 144 in²

Y = 16.5 inches

Figure B.1 Cross-sectional View of Deck Plate

I =  [Îx + A²]
Ix = Moment of inertia of each section of the deck plate, bh³/12
A = Cross sectional area of each part of the deck plate
Y = Distance from x-axis to overall centroid
 = Distance of individual area’s centroid to overall centroid
I = 2[6(24³/12) + 144(4.5)²] + [(48(6)³/12) + 288(4.5)²] = 26,352 in4
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(B.1)

Modulus of Rupture, MR = (M*Y)/I

(B.2)

Mmax = (I*MR)/Y

(B.3)

P

180 inches
Figure B.2 Deck Plate Side View

CFA Composite (CP2)
MR = 210 psi. Therefore, Mmax = 335,390 lb-in. Mmax = (P/2) * (90 inches),
therefore, Pmax = 7,453 lbs.
CFA-IBA Composite (CIP2)
MR = 315 psi. Therefore, Mmax = 503,083 lb-in. Mmax = (P/2) * (90 inches),
therefore, Pmax = 11,180 lbs.
IBA Composite (IP4)
MR = 470 psi. Therefore, Mmax = 750,632 lb-in. Mmax = (P/2) * (90 inches),
therefore, Pmax = 16,680 lbs.
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For the weakest composite, CFA (10:2), the maximum point load (P) that the deck
plate can hold in the middle is 7,453 lbs. This does not take into account the flexural
strength added by the reinforcement for temperature and shrinkage control. Even so this
load is very unlikely to ever happen from pedestrian traffic. There is no code
requirement that specifies the minimum load capacity for a sidewalk. However, there is a
code requirement for pedestrian bridges in the AASHTO LRFD Bridge Design
Specifications [3.6.1.6] for pedestrian live loading, but this requirement is designed for a
maintenance truck weighing between 10,000 and 20,000 lbs. Since vehicles of any kind
will not be on a Lanwalk, a more realistic worst case scenario might be 10 people side by
side crossing a single deck plate at once each weighing 200 lbs. Given this highly
unlikely, but theoretically possible scenario, there is still factor of safety of approximately
2.5, (10 * 200 lbs * LFRD Live Load Factor of 1.6 = 3,200 lbs). Also, since the deck
plate is only 3 inches off the ground on the side nearest the road, a failure would not
likely result in a major catastrophe.

Shear Strength
The shear strength of concrete is roughly about 20% of the compressive strength
(Kosmatka & Panarese, 1988). The correlation between compressive, tensile, flexural,
and torsion strength on shear strength varies depending on concrete ingredients and
environmental conditions (Kosmatka & Panarese, 1988). Determining the actual shear
strength of these composites would require further testing.
Using a shear strength value of 20% compressive strength for each composite
would mean that a deck plate made of the CFA (CP2) composite would require a load of
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(0.2 · 1,950 psi · 588 in²) or 230,000 lbs in order to fail from shear. A deckplate made of
a CFA-IBA (CIP2) or IBA (IP4) composite would require loads of 222,000 lbs or
212,000 lbs, respectively.
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Statistical Analysis
Analysis of variance (ANOVA) was calculated by the software program
MINITAB (2003) for the flexural and compressive strength of the five composites tested.
The data is shown in Table C.1. The results are shown in Table C.2 and C.3.

Table C.1
Compressive and Flexural Strength Values of the Five Composites Tested

a
b

Code

COMPOSITION a

CP2
CP4
CIP2
CIP4
IP4

10:0:2
10:0:4
5:5:2
5:5:4
0:10:4

28 DAY
COMPRESSIVE
STRENGTH (psi) b
1,950 + 80 A
3,500 + 92
1,890 + 31 A B
2,000 + 60 A
1,800 + 37 B

28 DAY MODULUS
OF RUPTURE (psi) b
210 + 18 A
235 + 11 A
315 + 18
370 + 21
470 + 11

CFA;IBA:Portland cement ratio.
Mean + standard deviation. Strength measurements in the same column bearing the
same upper-case superscript do not differ significantly ( = 0.05).

Table C.2
ANOVA Table for Flexural Strength
Source of
Variance
Composite
Type
Error
Total

Degrees
of
Freedom

Sum of
Squares

4
10
14

133,050
1,800
134,850

Mean
Square

33,263
180
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F-Statistic

F-Critical

P-Value

184.79

3.48

<0.0001

Table C.3
ANOVA Table for Compressive Strength
Source of
Variance
Composite
Type
Error
Total

Degrees
of
Freedom
4
10
14

Sum of
Squares

Mean
Square

6,134,040 1,533,510
27,552
2,755
6,161,592

F-Critical

P-Value

3.48

<0.0001

F-Statistic
556.59

To determine which values are significantly different a method called Fisher’s
least significant difference (LSD) method is employed to compare all five composites
with each other. The absolute value of difference between strength values is compared to
the LSD value.
LSD = t/2, a(n-1)(2MSE/n)½

(C.1)

For these experiments  = significance level = 0.05, a = number of composites =
5, n = sample size = 3, and MSE = mean square error = 2,755 and 180 for compressive
and flexural strength, respectively, as shown in the AVOVA tables. A table showing the
significance of the difference between the values is shown in Table C. and C.5. t/2 is a
value based on the t-Distribution curve. LSD for the compressive strength values = 98.8.
For the flexural strength values LSD = 25.3.
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Table C.4
Significance of Compressive Strength Values at CI = 95%
Composites
Compared
IP4 & CP2
IP4 & CP4
IP4 & CIP2
IP4 & CIP 4
CIP 4 & CP2
CIP4 & CP4
CIP4 & CIP2
CIP2 & CP2
CIP2 & CP4
CP4 & CP2

Composite
values (psi)
1800 & 1950
1800 & 3500
1800 & 1890
1800 & 2000
2000 & 1950
2000 & 3500
2000 & 1890
1890 & 1950
1890 & 3500
3500 & 1950

Difference
150
1700
90
200
50
1500
110
60
1610
1550

Relation to
LSD
> 98.8
> 98.8
< 98.8
> 98.8
< 98.8
> 98.8
> 98.8
< 98.8
> 98.8
> 98.8

Significant?
Yes
Yes
No
Yes
No
Yes
Yes
No
Yes
Yes

Table C.5
Significance of Flexural Strength Values at CI = 95%
Composites Compared
IP4 & CP2
IP4 & CP4
IP4 & CIP2
IP4 & CIP 4
CIP 4 & CP2
CIP4 & CP4
CIP4 & CIP2
CIP2 & CP2
CIP2 & CP4
CP4 & CP2

Composite
values (psi)
470 & 210
470 & 235
470 & 315
470 & 370
370 & 210
370 & 235
370 & 315
315 & 210
315 & 235
235 & 210
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Difference
260
235
155
100
160
135
55
105
80
25

Relation to
LSD
> 25.3
> 25.3
> 25.3
> 25.3
> 25.3
> 25.3
> 25.3
> 25.3
> 25.3
< 25.3

Significant?
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
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